Introduction {#s1}
============

Acidosis occurs commonly in a variety of neurological disorders and is a main contributing factor to neural injury ([@bib50]; [@bib46]; [@bib15]; [@bib40]). For example, ischemic stroke causes pronounced brain acidosis (∼pH 6.0), the treatment of which with NaHCO~3~ resulted in a significant reduction in the infract volume ([@bib30]). Interestingly, a similar neuroprotective effect was achieved via either pharmacological intervention or genetic deletion of acid-sensing ion channel 1a (ASIC1a), suggesting a critical role for ASIC1a in mediating ischemic acidotoxicity ([@bib50]; [@bib16]; [@bib30]). ASIC1a belongs to the H^+^-gated subgroup of the degenerin/epithelial Na^+^ channel (DEG/ENaC) family of non-selective cation channels, widely expressed in central (CNS) and peripheral (PNS) nervous systems ([@bib45], [@bib46]). To date, besides ischemic stroke, accumulating evidence from cell/animal models shows that ASIC1a is an effective molecular target for mitigating acid-induced neural damage in many other diseases including multiple sclerosis, Huntington\'s disease, and Parkinson\'s disease ([@bib46]). Thus, these previous findings strongly suggest that ASIC1a is the key extracellular proton receptor in neurons and the main mediator of acid-induced neuronal death. As such, ASIC1a may be a potential broad-spectrum therapeutic target in many neurological disorders ([@bib50]; [@bib45], [@bib46]).

However, despite the strong appreciation of its importance, the mechanism underlying ASIC1a-mediated acidic neuronal death remains poorly understood. Traditionally, Ca^2+^ influx through homomeric ASIC1a channels has been considered to be the main cause of acidotoxicity ([@bib50]; [@bib51]). Although intracellular Ca^2+^ elevation is generally responsible for cell death mediated by Ca^2+^-permeable channels, for example, NMDA receptors ([@bib13]; [@bib24]), this hypothesis is incompatible with some intrinsic properties of ASIC1a channels. First, homomeric ASIC1a channels are completely desensitized after just a few seconds of continued exposure to extracellular acid, a phenomenon termed steady-state desensitization ([@bib22]; [@bib14]). Second, compared to many other Ca^2+^-permeable channels, such as NMDA receptors, the Ca^2+^ permeability of ASIC1a channels is relatively small ([@bib32]; [@bib41]). Thus, under pathological conditions with persistent acidosis (e.g., for hours), Ca^2+^ influx through ASIC1a channels should only occur in the first few seconds at the onset of acidosis, which would generate a negligible increase in intracellular Ca^2+^ ([@bib32]). It is unlikely that such a small change in the intracellular Ca^2+^ level can fully account for the dramatic neuronal damage mediated by ASIC1a under pathological conditions. Thus, additional mechanism(s) must be at work for ASIC1a-mediated neuronal death.

Necrosis is an important form of cell death in development and diseases ([@bib34]; [@bib39]). Traditionally, necrosis was considered to be an accidental, uncontrolled form of cell death ([@bib34]). However, accumulating evidence now suggests that necrotic cell death may be accomplished by a set of signal transduction pathways and execution mechanisms (thus termed necroptosis) ([@bib39]; [@bib27]). Recently, the serine/threonine kinase receptor interaction protein 1 (RIP1) was identified as the crucial mediator of this process, with RIP1 phosphorylation being the key step in necroptosis ([@bib12]; [@bib10]). Blockade of RIP1 phosphorylation by the specific inhibitor, necrostatin-1 (Nec-1), inhibited necroptosis ([@bib12]; [@bib10]).

Necroptosis plays a critical role in many pathophysiological processes, such as ischemic injury and viral infection ([@bib39]; [@bib10]; [@bib27]). In most studies, necroptosis was mainly induced by the activation of death receptors (DRs), for example, tumor necrosis factor-α (TNF-α) receptor, in the absence of caspase activation ([@bib17]; [@bib39]). Other endogenous initiators of necroptosis remain largely unknown. Here we report that extracellular protons trigger a novel form of necroptosis in neurons via ASIC1a, but independent of its ion-conducting function. Using RNA interference and pharmacological blockade, we identified RIP1 as a critical component in acid-induced neuronal death. RIP1 is recruited to ASIC1a within 30 min of acid stimulation, which causes RIP1 phosphorylation and triggers the downstream death events. Similarly, RIP1 became physically associated with ASIC1a and hyperphosphorylated in response to middle cerebral artery occlusion (MCAO) in mice. The enhanced RIP1 phosphorylation in response to either ischemia or acidosis was undetected in neurons from *Asic1a*^*−/−*^ mice, demonstrating the involvement of ASIC1a-mediated RIP1 activation in ischemic brain injury.

Results {#s2}
=======

Neurons undergo necrotic death in response to acidosis {#s2-1}
------------------------------------------------------

According to morphological appearance, cell death can be divided into apoptotic and necrotic death ([@bib23]). Either death form represents a specific set of signaling pathways and biochemical/cellular processes ([@bib23]). In order to classify acid-induced neuronal death, we first examined the morphological changes of cultured mouse cortical neurons exposed to acidosis using electron microscopy (EM). While most neurons treated with a pH 7.4 solution ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}, upper panel) showed normal cellular morphology ([Figure 1A1](#fig1){ref-type="fig"}, left panel; [Figure 1A2](#fig1){ref-type="fig"}, upper panel), those treated with a pH 6.0 solution (1 hr treatment and 24 hr recovery in normal culture medium, [Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}, middle panel) displayed a typical necrotic phenotype ([@bib23]), including plasma membrane rupture, organelle swelling, and cell lysis ([Figure 1A1](#fig1){ref-type="fig"}, middle and right panels; [Figure 1A2](#fig1){ref-type="fig"}, lower panel). No obvious apoptotic morphological change was observed, based on comparison with staurosporine-treated neurons (data not shown).10.7554/eLife.05682.003Figure 1.Acid (pH 6.0) induces RIP1-dependent necrotic cell death in cultured mouse cortical neurons.(**A1**) Electron microscopy images of neurons treated with pH 7.4 (left) or pH 6.0 solution (middle and right). Of 57 cells counted in the pH 6.0-treated samples, 47 showed morphology similar to that shown in the middle and right panels. For pH 7.4-treated samples, the majority of cells had a similar morphology to that shown in the left panel; only 3 out of the 41 cells examined showed morphology that resembled that in the middle panel. (**A2**) Enlarged images from the white boxes in **A1** showing swelling of organelles in pH 6.0- but not pH 7.4-treated neurons. (**B**) PcTX1 (10 nM) and Nec-1 (20 μM), but not BHA (100 μM), BEL (30 μM), DPI (15 μM), RTO (25 μM), CHX (100 μM), or z-VAD-fmk (10 μM), rescued cells from acid-induced neuronal death (indicated by the dashed line) (n=4--12, \*\*\*p\<0.001; NS, no statistical significance, vs vehicle (Veh) at pH 6.0). Inset: dose-dependence of the rescue by Nec-1 (CTB assay, n=3--4). (**C1**) Rescue from acid-induced neuronal death by 20 μM Nec-1 (propidium iodide \[PI\] staining assay). (**C2**) Summary data for **C1**. At least 200 neurons were counted for each condition (\*\*\*p\<0.001; NS, no statistical significance, vs Veh at pH 7.4). (**D**) Knockdown efficiency of RIP1 shRNA as determined by Western blotting (\*\*\*p\<0.001, vs β-Gal). (**E**) Rescue of acid-induced neuronal death by RIP1 shRNA (CTB assay, n=3, \*\*\*p\<0.001; NS, no statistical significance, vs β-Gal at pH 7.4).**DOI:** [http://dx.doi.org/10.7554/eLife.05682.003](10.7554/eLife.05682.003)10.7554/eLife.05682.004Figure 1---figure supplement 1.Acid (pH 6.0) treatment does not induce caspase 3/7 activation in cultured mouse cortical neurons.(**A**) Scheme of acid treatment and assay protocols. Unless indicated otherwise, all interventional drugs were applied 30 min before and were present during the pH 6.0 treatment. (**B**) Moderate activation of caspase 8 after pH 6.0 treatment (n=3, \*\*p\<0.01; NS, no statistical significance, vs pH 7.4). (**C**) Caspase 3/7 were not activated after pH 6.0 treatment (n=3, \*p\<0.05; NS, no statistical significance, vs pH 7.4). (**D**) Caspase 3/7 activity and neuronal death were tested 8 hr after 1 hr of pH 6.0 treatment from the same batch of neurons. Staurosporine (STS, 100 nM) strongly increased caspase 3/7 activity. However, no increase in caspase 3/7 activity was observed even though severe neuronal death occurred (n=3, for caspase 3/7 activity, \*\*\*p\<0.001; NS, no statistical significance, vs pH 7.4; for neuronal death, \#\#p\<0.01; \#\#\#p\<0.001, vs pH 7.4). The dashed line indicates caspase 3/7 activity and neuronal viability at pH 7.4. (**E**) No cleavage of caspase 3 (C-caspase 3) was detected after treatment with the pH 6.0 solution. Cleavage was seen with the STS treatment. (**F**) z-VAD-fmk significantly inhibited STS-induced apoptotic neuronal death (n=3, \*\*\*p\<0.001; NS, no statistical significance, vs vehicle (Veh); \#\#\#p\<0.001, vs STS+Veh), demonstrating that z-VAD-fmk was effective (control for [Figure 1B](#fig1){ref-type="fig"}).**DOI:** [http://dx.doi.org/10.7554/eLife.05682.004](10.7554/eLife.05682.004)10.7554/eLife.05682.005Figure 1---figure supplement 2.RIP1 mediates ASIC1a-dependent acid-induced neuronal death in cultured mouse cortical neurons.(**A**) No inhibitory effect of Nec-1 (40 μM, pre+co-treatment) on *I*~6.0~ in cultured mouse cortical neurons (n=5) was observed. Neurons were stimulated with the pH 6.0 solution and then treated with Nec-1 for 5, 10, and 30 min at pH 7.4 before the pH was switched to 6.0 in the presence of Nec-1. (**B**) Pre+co-application of 7-Cl-O-Nec-1 (Nec-1s, 20 μM), Nec-1 (20 µM), or PcTX1 (10 nM) with the pH 6.0 solution suppressed acidic neuronal death (LDH assay, n=3--5, ^\#\#^p\<0.001, vs vehicle (Veh) at pH 7.4; \*\*\*p\<0.001, vs Veh at pH 6.0; n.s., no statistical significance, vs PcTX1). (**C**) No neuroprotection by Nec-1 and Nec-1s when co-administered with the pH 6.0 solution was observed (CTB assay, n=3--5, \*\*\*p\<0.001, vs Veh at pH 7.4; n.s., no statistical significance, vs Veh at pH 6.0). (**D**) Geldanamycin (GA) treatment (1 mg/ml, 18 hr) decreased the RIP1 expression level and acid-induced neuronal death. Note: GA also caused cell death by apoptosis, which was abolished by z-VAD-fmk (CTB assay, n=3--5, \*\*\*p\<0.001; NS, no statistical significance, vs Veh at pH 7.4; \#\#\#p\<0.001; n.s., no statistical significance, vs Veh at pH 6.0).**DOI:** [http://dx.doi.org/10.7554/eLife.05682.005](10.7554/eLife.05682.005)10.7554/eLife.05682.006Figure 1---figure supplement 3.Acid (pH 6.0) treatment does not induce reactive oxygen species (ROS) production in cultured mouse cortical neurons.(**A**) H~2~O~2~ but not the pH 6.0 solution caused a rapid increase in intracellular ROS (stained with CM-H~2~DCFDA). (**B**) No change in the ROS level was observed during 1 hr treatment with the pH 6.0 solution (n=25).**DOI:** [http://dx.doi.org/10.7554/eLife.05682.006](10.7554/eLife.05682.006)

Because our culture system lacks phagocytes, we measured caspase activities to evaluate the possible involvement of secondary necrosis following apoptosis ([@bib3]). Although the activity of caspase 8 was moderately increased 4 and 8 hr after the pH 6.0 treatment ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}), that of executive apoptosis effectors, caspase 3/7, did not increase ([Figure 1---figure supplement 1C-E](#fig1s1){ref-type="fig"}). Rather, caspase 3/7 activities decreased slightly at 4 hr ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}) and the cleavage of caspase 3 (activated caspase 3) ([Figure 1---figure supplement 1E](#fig1s1){ref-type="fig"}) was undetectable by Western blotting. These data, together with the result that pan caspase inhibitor z-VAD-fmk failed to block pH 6.0-induced neuronal death ([Figure 1B](#fig1){ref-type="fig"}, [Figure 1---figure supplement 1F](#fig1s1){ref-type="fig"}), suggest that acid triggers necrotic neuronal death but not apoptosis under the current experimental conditions.

Acid-induced neuronal death is both ASIC1a- and RIP1-dependent {#s2-2}
--------------------------------------------------------------

We then adopted a modulatory profiling strategy ([@bib48]) to explore the molecular mechanism(s) underlying acid-induced neuronal death. Based on the literature ([@bib3]; [@bib48]), we tested the effect of eight death modulators, including scavengers of reactive oxygen species (ROS) and inhibitors of Ca^2+^ signaling, protein synthesis, proteases, ASIC1a, and the main necroptosis mediator, RIP1, all with 30 min pretreatment and then co-incubation with the pH 6.0 solution ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}, lower panel). Cell viability was assessed by the Cell Titer Blue (CTB) assay. As reported previously ([@bib50]), the ASIC1a specific inhibitor, psalmotoxin (PcTX1), attenuated acid-induced neuronal death. To our surprise, however, inhibiting RIP1 phosphorylation ([Figure 2A,B](#fig2){ref-type="fig"}) by Nec-1 ([@bib12]) also resulted in a similar protective effect (IC~50~, 12.6 μM, [Figure 1B](#fig1){ref-type="fig"}; CTB assay). Unlike PcTX1, up to 30 min pretreatment with Nec-1 did not affect the acid (pH 6.0)-evoked currents (*I*~6.0~) in the neurons ([Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"}).10.7554/eLife.05682.007Figure 2.Acid (pH 6.0) induces RIP1 phosphorylation and physical association between RIP1 and ASIC1a.(**A**) Acid-induced phosphorylation of RIP1 and its inhibition by 40 μM Nec-1, as measured by ^32^P incorporation. (**B**) Acid-induced phosphorylation of RIP1 and its inhibition by Nec-1 (40 μM) and PcTX1 (50 nM), detected using the anti-phospho S/T antibody. (**C**) Acid failed to induce RIP1 phosphorylation in neurons from *Asic1a*^*−/−*^ mice. Five-fold more proteins were loaded for *Asic1a*^*−/−*^ samples than for *Asic1a*^*+/+*^ samples. (**D1**, **D2**) Time courses (**D1**) and representative ratio images (**D2**) of intracellular acidification of cultured mouse cortical neurons from *Asic1a*^*+/+*^ and *Asic1a*^*−/−*^ mice in response to extracellular pH decrease from 7.4 to 6.0, monitored using BCECF (n=30 for each genotype, peak changes summarized in **D1**). (**E**) In vitro RIP1 phosphorylation assay in pH 7.4 and pH 6.0 reaction solutions. Bands for phosphorylated RIP1 are indicated by the arrowheads. (**F1**, **F2**) Acid altered RIP1 expression levels with time. Shown are representative blots (**F1**) and summary data (**F2**) (n=5, \*\*p\<0.01 vs pH 7.4, by paired *t* test). (**G1**, **G2**) pH 6.0 treatment caused association of RIP1 with ASIC1a (**G1**, IP (immunoprecipitation) RIP1, IB (immunoblotting) ASIC1a; **G2**, IP ASIC1a, IB RIP1). (**H**) PcTX1 disrupted acid-induced ASIC1a--RIP1 association. (**I**) TNF-α neutralizing antibody (1 μg/μl and 2 μg/μl) failed to rescue pH 6.0 solution-induced neuronal death (CTB assay, n=3, \*\*\*p\<0.001 vs vehicle (Veh) at pH 7.4; n.s., no statistical significance, vs Veh at pH 6.0).**DOI:** [http://dx.doi.org/10.7554/eLife.05682.007](10.7554/eLife.05682.007)10.7554/eLife.05682.008Figure 2---figure supplement 1.Controls for [Figure 2G,H,I](#fig2){ref-type="fig"}.(**A1**, **A2**) No ASIC1a or RIP1 was immunoprecipitated by mouse IgG (Ms-IgG) or goat IgG (Gt-IgG). (**B**) TNF-α neutralizing antibody (1 μg/μl) rescued TNF-α (10 ng/ml, added in culture medium)-induced neuronal death (CTB assay, n=3, \*\*p\<0.01, vs vehicle (Veh) without anti-TNF-α).**DOI:** [http://dx.doi.org/10.7554/eLife.05682.008](10.7554/eLife.05682.008)

As an alternative method for examining necrotic neuronal death, neurons were stained with propidium iodide (PI); the pH 6.0 treatment dramatically increased the number of PI-positive neurons. This effect was also suppressed by Nec-1 ([Figure 1C1,C2](#fig1){ref-type="fig"}); acid-treated neurons retained their healthy appearance of cell bodies and neurites in the presence of Nec-1 ([Figure 1C1](#fig1){ref-type="fig"}, bottom panel, DIC images), suggesting that neuronal functions may be preserved. Additionally, acid (pH 6.0)-induced neuronal damage was detected using the lactate dehydrogenase (LDH) assay, which, unlike the CTB assay, is independent of mitochondrial metabolism, and the effect was inhibited by PcTX1, Nec-1, and 7-Cl-O-Nec-1 (Nec-1s), a derivative with improved specificity for RIP1 ([@bib35]) ([Figure 1---figure supplement 2B](#fig1s2){ref-type="fig"}). Importantly, drug pretreatment was necessary for neuronal protection, as co-applied Nec-1 or Nec-1s failed to inhibit acidic neuronal death ([Figure 1---figure supplement 2C](#fig1s2){ref-type="fig"}), suggesting a key role for RIP1 at the onset of acidotoxicity. Consistent with the pharmacological intervention, RNA interference of endogenous RIP1 protected neurons from acid-induced death ([Figure 1D,E](#fig1){ref-type="fig"}). In addition, geldanamycin (GA) treatment, which greatly reduced RIP1 expression level ([@bib38]), also significantly suppressed acid-induced cell death ([Figure 1---figure supplement 2D](#fig1s2){ref-type="fig"}).

A previous report showed that inhibitors of acid-induced neuronal death also suppressed ROS generation ([@bib28]), implying a potential pro-necrotic effect of ROS ([@bib39]) on acid-induced necrosis. However, the pH 6.0 treatment resulted in no obvious change in ROS levels in the neurons ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}) and neither scavenging ROS by anti-oxidant butylated hydroxyanisole (BHA) nor blockade of ROS production by rotenone (RTO) or diphenylene iodonium (DPI) rescued neurons from acid-induced death ([Figure 1B](#fig1){ref-type="fig"}). These results indicate that ROS production is not necessary for acid-induced cell death, consistent with the previous finding ([@bib50]). Also, earlier reports showed that extracellular protons led to intracellular Ca^2+^ elevation ([@bib50]; [@bib51]), which is one of the major causes of conventional necrotic cell death. Besides enhancing mitochondrial ROS production through activation of key enzymes of the Krebs cycle, Ca^2+^ also triggers cytosolic phospholipase A~2~ (cPLA~2~)-mediated necrosis ([@bib39]). However, a cPLA~2~ inhibitor, bromoenol lactone (BEL), failed to protect neurons from acid-induced death ([Figure 1B](#fig1){ref-type="fig"}). Removing Ca^2+^ from the treatment solution also had no clear protective effect in the present study ([Figure 3D](#fig3){ref-type="fig"}). The above results, thus, suggest that acid-induced neuronal death involves a form of RIP1-mediated necrosis which is independent of ROS and Ca^2+^. Consistent with this idea, recent evidence showed that RIP1 was not involved in certain forms of intrinsic necrosis induced by ROS generators or Ca^2+^ ionophores ([@bib33]; [@bib43]).10.7554/eLife.05682.009Figure 3.Ion-conducting function is not necessary for ASIC1a-mediated neuronal death.(**A1**, **A2**) Two-minute pretreatment with mild acidification greatly suppressed *I*~6.0~ in cultured mouse cortical neurons. Shown are representative current traces at −60 mV (**A1**) and summary data for peak currents (**A2**) (n=4--6, \*\*\*p\<0.001; NS, no statistical significance, vs pH 7.4). (**B**) Pretreatment with pH 6.8 (Pre-6.8) for 10 min failed to prevent acid-induced neuronal death (CTB assay, n=4--6, \*\*\*p\<0.001, NS, no statistical significance, vs pH 7.4; n.s., no statistical significance, vs pH 6.0). Note: treatment with the pH 6.8 solution for 1 hr only did not alter neuronal viability. (**C**) Summary of propidium iodide (PI)-positive neurons for *Asic1a*^*+/+*^ and *Asic1a*^*−/−*^ cultures treated with pH 7.4 (CTRL) or pH 6.0 solutions for 15, 30, and 60 min. Representative images are shown in [Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}. At least 400 neurons were counted for each condition (\*\*\*p\<0.001; NS, no statistical significance, vs corresponding *Asic1a*^*−/−*^ cultures). (**D**) Neuronal death induced by 1 hr treatment with the pH 6.0 solution in normal (SS, standard external solution), Na^+^-, K^+^-, Ca^2+^-free (NMDG replacement), and Ca^2+^-free conditions (CTB assay, n=3, \#\#p\<0.01 vs Na^+^-, K^+^-, Ca^2+^-free in pH 6.0; \*\*\*p\<0.001 vs pH 7.4 under the same cation conditions). Dashed line, pH 6.0 solution-induced neuronal death under normal SS condition. (**E**) Representative traces of *I*~6.0~ for cortical neurons in normal (SS), Na^+^-, K^+^-, Ca^2+^-free and Ca^2+^-free conditions. (**F**) Representative traces of *I*~6.0~ for wild type (WT) ASIC1a and its HIF and RC mutants expressed in CHO cells. (**G**) Current--voltage relationship of WT-ASIC1a (filled squares) and HIF-ASIC1a (open circles) in response to the pH 6.0 solution. Note: no current was induced by pH 6.0 in CHO cells that expressed HIF-ASIC1a at a broad range of holding voltages. (**H**) Summary data of cell death induced by 1 hr pH 6.0 solution treatment in *Asic1a*^*−/−*^ neurons expressing GFP vector, WT-ASIC1a, and its HIF and RC mutants, based on PI staining of GFP-labeled neurons (see [Figure 3---figure supplement 6](#fig3s6){ref-type="fig"} for representative images, n=100 for each condition, \*\*\*p\<0.001; NS, no statistical significance, vs pH 7.4 of the corresponding transfection; n.s., no statistical significance, vs WT-ASIC1a).**DOI:** [http://dx.doi.org/10.7554/eLife.05682.009](10.7554/eLife.05682.009)10.7554/eLife.05682.010Figure 3---figure supplement 1.Time-dependence of acid-induced neuronal death.(**A**) Experimental scheme for [Figure 3B](#fig3){ref-type="fig"}, where mild acid pretreatment was used to induce ASIC1a channel steady-state desensitization before pH 6.0 treatment and subsequent death assay. (**B**) Dependence of neuronal death (propidium iodide \[PI\] staining assay) on the duration of exposure to pH 6.0 solution. Neurons were identified by DIC.**DOI:** [http://dx.doi.org/10.7554/eLife.05682.010](10.7554/eLife.05682.010)10.7554/eLife.05682.011Figure 3---figure supplement 2.Fast perfusion is necessary for acid to induce \[Ca^2+^\]~i~ elevation in ASIC1a-expressing neurons.(**A1**) Acid (pH 6.0)-induced changes in Fura-2 ratio in cultured wild type (WT) mouse cortical neurons in the absence and presence of a cocktail of inhibitors (20 μM AP5, 20 μM CNQX, 1 μM TTX, and 5 μM nimodipine) without or with 50 nM PcTX1. Representative ratio images at indicated time points are shown above the trace. Fast perfusion (∼50 µl/min) was used. (**A2**) Summary data of normalized ratio changes after baseline subtraction for **A1** (n\>10, \*\*\*p\<0.001, vs SS without cocktail; \#\#p\<0.001; n.s., no statistical significance, vs SS with cocktail). (**B1**--**B4**) pH 6.0-induced Fura-2 ratio changes in cultured cortical neurons from *Asic1a*^*−/−*^ mice transfected with control vector (GFP, **B1**) and GFP-tagged WT-ASIC1a (**B2**), HIF-ASIC1a (**B3**), or RC-ASIC1a (**B4**) via fast perfusion (∼50 µl/min). Note: there was no change in control (**B1**) and HIF-ASIC1a (**B3**)-transfected neurons. (**B5**, **B6**) pH 6.0-induced Fura-2 ratio changes in cultured cortical neurons from *Asic1a*^*−/−*^ mice transfected with GFP-tagged WT-ASIC1a (**B5**) and RC-ASIC1a (**B6**) via slow perfusion (∼15 µl/min). Similar results were obtained for at least 10 neurons each for **B1**--**B6**.**DOI:** [http://dx.doi.org/10.7554/eLife.05682.011](10.7554/eLife.05682.011)10.7554/eLife.05682.012Figure 3---figure supplement 3.Validation of the Y-tube apparatus at fast and slow perfusion rates.CHO cells were transiently transfected with the cDNA for rat TRPV1 (**A**, **B**, EGFPC1-TrpV1) or mouse ASIC1a (**C**, pEGFPC3-ASIC1a) and used for whole-cell patch clamp recordings after 24--30 hr. The cell was held at −60 mV while an acidic solution (pH 5.0 for **A**, pH 6.0 for **B**, **C**) was applied either at a fast (50 μl/min) or slow (15 μl/min) rate as indicated. The same Y-tube apparatus was used for all experiments and in the same manner as used for the Ca^2+^ imaging experiments shown in [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}. As summarized in **D**, the perfusion rate does not alter proton activation of the non-desensitizing TRPV1 currents, suggesting that the acidic solution effectively reached the cell under both conditions. Note: because the pH 6.0-evoked TRPV1 currents were small, we also used pH 5.0 to elicit larger and more reliable TRPV1 currents. On the other hand, the development of fast desensitizing ASIC1a currents was strongly affected by the perfusion rate of the pH 6.0 solution, giving slower and smaller currents at 15 μl/min than at 50 μl/min.**DOI:** [http://dx.doi.org/10.7554/eLife.05682.012](10.7554/eLife.05682.012)10.7554/eLife.05682.013Figure 3---figure supplement 4.Acid-induced neuronal death is independent of Ca^2+^-flux and ionic currents via ASIC1a.(**A**) PcTX1 and Nec-1s rescued acid-induced neuronal death in the Ca^2+^-free solution (CTB assay, n=3--5, \*\*\*p\<0.001, vs vehicle (Veh) at pH 7.4; \#\#p\<0.001, vs Veh at pH 6.0). (**B1**, **B2**) Inhibition of *I*~6.0~ by AMI (100 µM) and PcTX1 (10 nM) in cultured mouse cortical neurons. AMI was applied together with acid. PcTX1 was applied 60 min before acid. Both greatly suppressed *I*~6.0~. Shown are representative current traces at −60 mV (**B1**) and summary data for peak currents (**B2**) (n=4--6, \*\*\*p\<0.001 vs pH 6.0 only). (**C**) Upper, scheme of AMI, PcTX1, and acid (pH 6.0) treatment of cortical neurons. Lower, summary data for neuronal death under the conditions indicated (CTB assay, n=4--6, \*\*p\<0.01, \*\*\*p\<0.001 vs pH 7.4). AMI pre+co: AMI pretreatment plus AMI co-application with acid (pH 6.0); AMI co: AMI co-application with acid (pH 6.0).**DOI:** [http://dx.doi.org/10.7554/eLife.05682.013](10.7554/eLife.05682.013)10.7554/eLife.05682.014Figure 3---figure supplement 5.HIF and RC mutants of ASIC1a are normally expressed on the plasma membrane.(**A**) Diagrams of the wild-type (WT) and mutant ASIC1a constructs. (**B**) Membrane expression of WT-ASIC1a and its HIF and RC mutants as determined by surface biotinylation experiments.**DOI:** [http://dx.doi.org/10.7554/eLife.05682.014](10.7554/eLife.05682.014)10.7554/eLife.05682.015Figure 3---figure supplement 6.Expression of WT-ASIC1a and HIF-ASIC1a, but not RC-ASIC1a, in *Asic1a*^*−/−*^ neurons resulted in acid-induced death.Representative images for data shown in [Figure 3H](#fig3){ref-type="fig"}. *Asic1a*^*−/−*^ neurons were transfected with GFP vector (**A**), GFP-tagged WT-ASIC1a (**B**), and its HIF (**C**) and RC (**D**) mutants. Transfected cells were identified by the green fluorescence signal. Cell death induced by 1 hr treatment with the pH 6.0 solution was assessed by propidium iodide (PI) staining (red). Note the nuclear PI labeling of green cells (yellow areas) in enlarged images from white boxes in **B** and **C** of pH 6.0-treated samples. These cells were counted as PI-positive.**DOI:** [http://dx.doi.org/10.7554/eLife.05682.015](10.7554/eLife.05682.015)10.7554/eLife.05682.016Figure 3---figure supplement 7.CHO cell death induced by acid (pH 6.0) is dependent on ASIC1 and involves recruitment of RIP1.(**A1**, **A2**) Acid (pH 6.0) induced no detectable \[Ca^2+^\]~i~ elevation (by Fluo-4) in CHO cells transfected with mCherry-ASIC1a. Transfected CHO cells were identified by mCherry (A2, red image). Ionomycin (2 μM) was added at the end of the experiment to show that cells were properly loaded and viable. (**B**) Cell death induced by 1 hr treatment with the pH 6.0 solution in CHO cells stably expressing GFP vector, WT-ASIC1a, and its HIF and RC mutants (CTB assay, n=3, \*\*\*p\<0.001; NS, no statistical significance, vs pH 7.4; n.s., no statistical significance, vs WT-ASIC1a). (**C**) Acid caused ASIC1a--RIP1 association in CHO cells that expressed WT-ASIC1a. Cells were treated or not with the pH 6.0 solution for 90 min. Cell lysates were subjected to immunoprecipitation by anti-ASIC1a and then Western blotting by anti-RIP1. (**D**) Cell death induced by 1 hr treatment with the pH 6.0 solution in CHO cells transfected with pEGFP vector, ASIC1a, ASIC1b, ASIC2a, and ASIC3 (CTB assay, n=3, \*\*\*p\<0.001; NS, no statistical significance, vs pH 7.4; n.s., no statistical significance, vs ASIC1a). Both ASIC1a and ASIC1b, but not ASIC2a and ASIC3, mediated acid-induced cell death.**DOI:** [http://dx.doi.org/10.7554/eLife.05682.016](10.7554/eLife.05682.016)

Activation of ASIC1a channels leads to RIP1 phosphorylation {#s2-3}
-----------------------------------------------------------

RIP1 is a crucial mediator in many forms of necrotic cell death and its inhibition by Nec-1 ([@bib12], [@bib11]) is neuroprotective in rodent disease models including ischemic stroke ([@bib9]; [@bib17]; [@bib54]). To test whether acid causes RIP1 activation in neurons, we measured RIP1 phosphorylation, a common signature for RIP1-mediated necrotic death, using two methods: ^32^P incorporation and direct detection of phosphorylated RIP1 by an anti-phospho Ser/Thr antibody from anti-RIP1 immunoprecipitated samples. Both methods showed significant increases in RIP1 phosphorylation upon 30 min treatment with the pH 6.0 solution, which were suppressed by Nec-1 ([Figure 2A,B](#fig2){ref-type="fig"}). Consistent with ASIC1a being critical for necrotic cell death and upstream of RIP1 activation, acid-induced RIP1 phosphorylation was inhibited by PcTX1 ([Figure 2B](#fig2){ref-type="fig"}) and was undetectable in neurons from *Asic1a*^*−/−*^ mice ([Figure 2C](#fig2){ref-type="fig"}).

Intracellular acidification, which can be induced by extracellular acidosis ([Figure 2D1,D2](#fig2){ref-type="fig"}), modulates many biochemical functions including kinase activities ([@bib20]). To rule out the possibility that acid-induced RIP1 phosphorylation resulted from intracellular acidification, we performed an in vitro cell-free phosphorylation assay and found that reducing the pH of the reaction solution to 6.0 did not alter RIP1 phosphorylation ([Figure 2E](#fig2){ref-type="fig"}). Moreover, despite similar extracellular acid-induced intracellular acidification between neurons from *Asic1a*^*+/+*^ (wild type, WT) and *Asic1a*^*−/−*^ mice ([Figure 2D1,D2](#fig2){ref-type="fig"}), only WT, but not *Asic1a*^*−/−*^, neurons showed enhanced RIP1 phosphorylation in response to the extracellular pH reduction ([Figure 2C](#fig2){ref-type="fig"}), suggesting that the presence of ASIC1a proteins rather than intracellular acidification was necessary for such a response. Interestingly, the total protein level of RIP1 was also increased in the first 30 min of acidosis treatment and then declined to ∼80% of the basal level at 60 min ([Figure 2F1,F2](#fig2){ref-type="fig"}). Although a decrease in RIP1 level was previously observed in other forms of cell death ([@bib26]; [@bib37]), its role in acid-induced neuronal death requires further exploration. Furthermore and possibly related to the acid-induced increase in RIP1 phosphorylation, we found that RIP1 was recruited to ASIC1a in mouse cortical neurons after 30 min treatment with the pH 6.0 solution ([Figure 2G1,G2](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1A1,A2](#fig2s1){ref-type="fig"}) and that this effect was suppressed by PcTX1 ([Figure 2H](#fig2){ref-type="fig"}). Taken together, these results suggest that acid-induced neuronal death is a programmed form of RIP1-dependent necrosis, or necroptosis ([@bib12]; [@bib27]), which is dependent on the physical association of RIP1 with ASIC1a.

ASIC1a-mediated neuronal necroptosis is independent of other death receptors {#s2-4}
----------------------------------------------------------------------------

Nearly all forms of previously reported necroptosis are induced by death receptor (DR) ligands, such as TNF-α, particularly in the presence of caspase inhibitors ([@bib39]). Recent studies showed that, under certain conditions, autocrine production of TNF-α could lead to RIP1-mediated necroptosis ([@bib4]; [@bib49]). To evaluate the possibility that acid-induced necroptosis arose from autocrine production of cytokines, we first tested whether de novo protein synthesis was required for cell death and found that the protein synthesis inhibitor cycloheximide (CHX) failed to protect neurons from acid-induced death ([Figure 1B](#fig1){ref-type="fig"}). Second, we used the TNF-α neutralizing antibody but found that it failed to rescue neurons from acid-induced death, while it was effective in protecting neurons from TNF-α-induced death ([Figure 2I](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}). Therefore, it is unlikely that any pro-necrotic protein production is involved in acid-induced necrotic cell death.

Steady-state desensitized ASIC1a channels are able to mediate acidotoxicity {#s2-5}
---------------------------------------------------------------------------

Interestingly, Nec-1 significantly reduced acid-induced neuronal death without affecting *I*~6.0~ ([Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"}), suggesting that the ion-conducting function of ASIC1a was perhaps unrelated to RIP1-dependent acidotoxicity. To test this hypothesis, we examined the steady-state desensitization of proton-evoked currents in cortical neurons by moderate pH decreases, that is, to pH 7.2 or 6.8. Just 2 min superfusion with the pH 7.2 or pH 6.8 solution drastically reduced *I*~6.0~ by approximately 60% or 90%, respectively ([Figure 3A1,A2](#fig3){ref-type="fig"}). Therefore, ASIC1a channels in these neurons desensitized, leaving nearly no ionic flux during continued exposure to acid (\>2 min). In contrast, pretreatment of neurons with pH 6.8 solution failed to inhibit acid-induced neuronal death ([Figure 3B](#fig3){ref-type="fig"}, [Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}), indicating that ASIC1a channels were able to mediate acidotoxicity even under steady-state desensitized conditions.

As it is an ion channel, the ion-conducting function is generally considered a main consequence of ASIC1a activation. However, it is rather paradoxical that whereas the severity of acid-induced neuronal death correlates positively with the duration of acid treatment ([@bib50]; [@bib14]), the ionic currents mediated by homomeric ASIC1a channels only last for seconds due to the complete steady-state channel desensitization at acidic pH, at least in in vitro conditions ([@bib22]; [@bib14]). To examine the time dependence on acidosis of neuronal necrosis, we treated the cortical neurons with the pH 6.0 solution for different durations (0, 15, 30, and 60 min) and then returned them to the normal culture medium for 24 hr before staining with PI. As shown in [Figure 3C](#fig3){ref-type="fig"} and [Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}, the number of PI-positive neurons continued to increase with increasing durations of the pH 6.0 treatment in cultures prepared from *Asic1a*^*+/+*^ mice, indicating that despite the nearly complete channel desensitization throughout the major part (except for the first few seconds) of the 1 hr treatment, acid continued to exert an effect on neuronal death. On the other hand, consistent with previous findings ([@bib50]; [@bib14]), acid treatment failed to induce significant neuronal death in cultures prepared from *Asic1a*^*−/−*^ mice for all treatment durations ([Figure 3C](#fig3){ref-type="fig"}, [Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}), indicating that despite the lack of proton-induced current, the neuronal death induced by persistent acidosis was still dependent on the presence of ASIC1a. Therefore, although ASIC1a expression was necessary, continued ASIC1a currents appeared not critical for acid-induced cell death.

ASIC1a-mediated neuronal death is not dependent on its ionic conduction {#s2-6}
-----------------------------------------------------------------------

Ca^2+^ influx via homomeric ASIC1a channels has been considered to play a key role in acidic neuronal death ([@bib50]; [@bib51]; [@bib41]). Consistent with previous studies, application of the pH 6.0 solution to the cultured mouse cortical neurons elicited a rise in intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~), which was significantly reduced following inhibition of ionotropic glutamate receptors and voltage-gated Na^+^ and Ca^2+^ channels, while the remaining response was largely blocked by PcTX1 ([Figure 3---figure supplement 2A1,A2](#fig3s2){ref-type="fig"}). The Ca^2+^ response was not detected in neurons from *Asic1a*^−/−^ mice ([Figure 3---figure supplement 2B1](#fig3s2){ref-type="fig"}), but restored with the transient expression of ASIC1a cDNA in these neurons ([Figure 3---figure supplement 2B2,B4](#fig3s2){ref-type="fig"}). However, the Ca^2+^ response was only seen with fast focal application of the pH 6.0 solution (∼50 µl/min). When the perfusion rate was decreased by approximately threefold (∼15 µl/min), the \[Ca^2+^\]~i~ rise became very shallow or nearly undetectable ([Figure 3---figure supplement 2B5,B6](#fig3s2){ref-type="fig"}). This sensitivity to the rate of acidification is likely related to the fast desensitization of acid-induced ASIC1a current, because the acid-evoked activation of TRPV1 (either pH 6.0 or 5.0), which did not desensitize, was unaffected by the perfusion rate ([Figure 3---figure supplement 3A,B,D](#fig3s3){ref-type="fig"}). For fast desensitizing channels, it requires simultaneous activation of the majority of channels in the entire cell in order to give rise to robust whole-cell currents ([Figure 3---figure supplement 3C](#fig3s3){ref-type="fig"}) and \[Ca^2+^\]~i~ elevation ([Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). Given that tissue acidosis occurs slowly under most pathological conditions, we reasoned that ASIC1a-mediated \[Ca^2+^\]~i~ elevation during this process must be quite small and unlikely a major cause of the acid-induced neuronal death ([@bib41]). Indeed, a Ca^2+^-free pH 6.0 solution (with no Ca^2+^ added and the addition of 10 mM EGTA), which would not support Ca^2+^ influx, induced neuronal death to a similar level as the normal Ca^2+^-containing pH 6.0 solution ([Figure 3D](#fig3){ref-type="fig"}). Importantly, acid-induced neuronal death in the Ca^2+^-free condition was also inhibited by PcTX1 and Nec-1s ([Figure 3---figure supplement 4A](#fig3s4){ref-type="fig"}), indicating the involvement of the ASIC1a-RIP pathway despite the lack of Ca^2+^ influx. Notably, unlike *I*~6.0~ in ASIC1a-transfected CHO cells ([@bib14]), depletion of extracellular Ca^2+^ did not reduce *I*~6.0~ in cultured mouse cortical neurons ([Figure 3E](#fig3){ref-type="fig"}), suggestive of a different modulatory mechanism exerted on native ASIC1a by extracellular Ca^2+^ under the present experimental conditions.

To further examine the contribution of ion influx to acid-induced neuronal death, we replaced Na^+^, K^+^, and Ca^2+^ in the treatment solution with an impermanent cation, *N-*methyl-D-glucamine (NMDG), keeping osmolarity unchanged. Under these conditions, no *I*~6.0~ was detected because of the lack of permeant ions ([Figure 3E](#fig3){ref-type="fig"}), but acid still resulted in marked neuronal death ([Figure 3D](#fig3){ref-type="fig"}). We also tested the non-specific ASIC blocker, amiloride (AMI), which acts by blocking the channel pore. Although co-administration of AMI with acid significantly inhibited *I*~6.0~ ([Figure 3---figure supplement 4B1,B2](#fig3s4){ref-type="fig"}), it did not show neuroprotection ([Figure 3---figure supplement 4C](#fig3s4){ref-type="fig"}). These results further indicated that the ion fluxes or conducting function of ASIC1a might not be required for acid-induced neuronal death. Interestingly, if neurons were pretreated with AMI for 1 hr before acid stimulation, the acidotoxicity was largely prevented ([Figure 3---figure supplement 4C](#fig3s4){ref-type="fig"}), suggesting that pretreatment with AMI may modulate the ASIC1a channel with a different mechanism beyond the channel blockade.

The C-terminus of ASIC1a is crucial to acid-induced neuronal death {#s2-7}
------------------------------------------------------------------

Being an extracellular proton sensor, ASIC1a channels undergo conformational changes irrespective of the ion-conducting outcome. As such, the death pathway may only require the proton sensor function rather than ionic conduction. To test this possibility, we created two ASIC1a mutants: HIF-ASIC1a and RC-ASIC1a ([Figure 3---figure supplement 5A](#fig3s5){ref-type="fig"}). While both were expressed normally on the plasma membrane ([Figure 3---figure supplement 5B](#fig3s5){ref-type="fig"}), HIF-ASIC1a (^32^HIF^34^ mutated to ^32^AAA^34^) was ion non-conducting due to pore dysfunction ([@bib29]) ([Figure 3F,G](#fig3){ref-type="fig"}). RC-ASIC1a was electrophysiologically functional as the WT channel ([Figure 3F](#fig3){ref-type="fig"}), but its C-terminus (R^462^-C^526^) was replaced by a shortened scrambled amino acid sequence, KLRILQSTVPRARDDPDLDN ([Figure 3---figure supplement 5A](#fig3s5){ref-type="fig"}). By expressing WT-ASIC1a, HIF-ASIC1a, or RC-ASIC1a in cortical neurons from *Asic1a*^*−/−*^ mice, we found that both WT-ASIC1a and the ion non-conducting HIF mutant, but not the conducting RC mutant, restored the acid-induced death in *Asic1a*^*−/−*^ neurons ([Figure 3H](#fig3){ref-type="fig"}, [Figure 3---figure supplement 6](#fig3s6){ref-type="fig"}), although both WT- and RC-ASIC1a, but not the HIF mutant, restored the Ca^2+^ response to fast focal perfusion with the pH 6.0 solution ([Figure 3---figure supplement 2B2--B4](#fig3s2){ref-type="fig"}). Furthermore, although CHO cells expressing homomeric ASIC1a failed to yield a \[Ca^2+^\]~i~ rise in response to acid ([Figure 3---figure supplement 7A1,A2](#fig3s7){ref-type="fig"}), the stable expression of WT-ASIC1a and HIF-ASIC1a, but not RC-ASIC1a, in CHO cells also led to significant increases in acid-induced cell death ([Figure 3---figure supplement 7B](#fig3s7){ref-type="fig"}). Supporting a similar ASIC1a/RIP1-mediated death mechanism in CHO cells as in neurons, pH 6.0 solution treatment also caused ASIC1a--RIP1 association in CHO cells that expressed ASIC1a ([Figure 3---figure supplement 7C](#fig3s7){ref-type="fig"}).

Further supporting the importance of the ASIC1a C-terminus in acid-induced necroptosis, we found that ASIC1b, a splice variant differing from ASIC1a only at the N-terminus, also mediated acid-induced death when expressed in CHO cells ([Figure 3---figure supplement 7D](#fig3s7){ref-type="fig"}). In contrast, the expression of ASIC2a and ASIC3, which have very different C-terminal sequences from ASIC1a ([Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}), did not restore the acid-induced death of CHO cells ([Figure 3---figure supplement 7D](#fig3s7){ref-type="fig"}). Because homomeric ASIC1b is Ca^2+^ impermeable ([@bib2]), this finding also supports the argument that Ca^2+^ entry through ASIC1a is not critical for acid-induced cell death under the present experimental conditions. The above data, thus, strongly support the notion that ASIC1a-mediated neuronal death does not require the ion permeation ability of the ASIC1a channel. Rather, a death signal presumably located at the C-terminus of the channel protein and activated upon stimulation by extracellular protons might be responsible for the acid-induced cell death.

A peptide representing the proximal C-terminus of ASIC1 mimics acidic neuronal necroptosis {#s2-8}
------------------------------------------------------------------------------------------

Because conservation at the C-termini of ASIC isoforms is very low, the sequence alignment ([Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}) was uninformative about potential key amino acids for acidic neuronal death. We reasoned that synthetic peptides representing the critical motif(s) involved in acid-induced necroptosis might be able to mimic the action of the ASIC1a C-terminus on cell death. Therefore, we synthesized four peptides based on the mouse ASIC1a C-terminus, designated as CP-1, 2, 3, and 4 (see [Figure 4A](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}). CP-1 covered a relatively less conserved region among ASIC C-termini than CP-2, CP-3, and CP-4 ([Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}). All four peptides were tagged with the TAT sequence to facilitate penetration through the plasma membrane ([Figure 4A](#fig4){ref-type="fig"}). Interestingly, incubation of mouse cortical neurons with CP-1 (10 µM, 24 hr), but not CP-2, CP-3, or CP-4, at the physiological pH 7.4, induced cell death ([Figure 4B](#fig4){ref-type="fig"}) and enhanced RIP1 phosphorylation ([Figure 4C](#fig4){ref-type="fig"}), which were both rescued, at least partially, by Nec-1 ([Figure 4D,E](#fig4){ref-type="fig"}). However, none of the peptides affected acid-induced neuronal death (data not shown) and in the presence of CP-1, the pH 6.0 solution still induced further loss of neuronal viability ([Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}). Moreover, the CP-1 peptide caused the death of CHO cells ([Figure 4---figure supplement 1C](#fig4s1){ref-type="fig"}), which do not endogenously express ASIC1a, suggesting that its toxicity does not require full-length ASIC1a. These data suggest that the proximal C-terminal region of ASIC1a included in the CP-1 peptide can induce neuronal death via activation of RIP1, mimicking acid-induced necroptosis.10.7554/eLife.05682.017Figure 4.A peptide representing the proximal C-terminal region of ASIC1a induces RIP1 phosphorylation and neuronal death.(**A**) Relative positions and amino acid sequences of four peptides representing different regions of the mouse ASIC1a (mASIC1a) C-terminus. (**B**) TAT-tagged CP-1, but not CP-2, CP-3, or CP-4, peptide (10 μM, 24 hr) induced neuronal death at pH 7.4 (CTB assay, n=3, \*\*\*p\<0.001; NS, no statistical significance, vs control \[CTRL, the TAT peptide alone\]). (**C**, **D**) CP-1, but not CP-2, CP-3, or CP-4, enhanced RIP1 phosphorylation (**C**) and the effect was blocked by Nec-1 (20 µM) (**D**). (**E**) Nec-1 (20 μM) partially rescued CP-1-induced neuronal death (CTB assay, n=3, \*\*\*p\<0.001 vs CTRL; \#\#\#p\<0.001 vs CP-1 alone).**DOI:** [http://dx.doi.org/10.7554/eLife.05682.017](10.7554/eLife.05682.017)10.7554/eLife.05682.018Figure 4---figure supplement 1.Design and characterization of ASIC1a-derived peptides.(**A**) Alignment of ASIC C-termini of different isoforms from various species. Starting positions are indicated in parentheses. Locations of the four mouse ASIC1a C-terminal peptides are shown by the boxes. c, chicken; f, toad fish; h, human; m, mouse; r, rat; s, shark; z, zebrafish. (**B**) CP-1 failed to inhibit acid-induced neuronal death (CTB assay, n=3, \*\*\*p\<0.001 vs pH 7.4; \#\#p\<0.001 vs pH 6.0+CP-1). (**C**) CP-1, but not CP-3, caused the death of CHO cells in the absence of ASIC1a (CTB assay, n=3, \*\*\*p\<0.001; NS, no statistical significance, vs CTRL, the TAT peptide alone).**DOI:** [http://dx.doi.org/10.7554/eLife.05682.018](10.7554/eLife.05682.018)

RIP1 is recruited to ASIC1a and phosphorylated in ischemic brain {#s2-9}
----------------------------------------------------------------

The above experiments firmly established the role of ASIC1a--RIP1 coupling in the acid-induced death of cultured cortical neurons. To verify the involvement of this pathway in ischemic brain injury, which is accompanied by severe tissue acidosis, with pH values typically falling to 6.5--6.0 ([@bib2]; [@bib50]; [@bib27]), we used a transient MCAO model to mimic ischemic stroke in mice ([Figure 5A](#fig5){ref-type="fig"}). Supporting the role of ASIC1a in mediating RIP1 activation in ischemic brain damage, we detected a physical association between RIP1 and ASIC1a only in the ischemic hemisphere but not the control hemisphere of the same brain ([Figure 5B](#fig5){ref-type="fig"}). Importantly, 30 min MCAO, which was too short to cause obvious brain damage as shown by TTL staining ([Figure 5C](#fig5){ref-type="fig"}), was sufficient to induce the ASIC1a-RIP1 association. Such association persisted for up to at least 2 hr ([Figure 5D](#fig5){ref-type="fig"}), the longest duration of MCAO tested ([Figure 5C](#fig5){ref-type="fig"}). The long time window of ASIC1a-RIP1 complex formation is consistent with the notion that acidosis occurs slowly and progressively in the ischemic brain and both acidosis and necroptosis contribute mainly to delayed ischemic brain injury ([@bib12]; [@bib30]), a phase of neuronal damage with high clinical relevance because of the need for post-ischemic neuroprotection following stroke. Interestingly, the total protein level of RIP1 tended to decrease in the ischemic side of the brain ([Figure 5D](#fig5){ref-type="fig"}), similar to that observed in cultured cortical neurons subjected to acid treatment ([Figure 2F1,F2](#fig2){ref-type="fig"}). This lends additional support to the involvement of a similar regulatory mechanism between acid-induced neuronal death in vitro and ischemic brain damage in vivo. The phosphorylation of RIP1 is a critical event in brain ischemia and the blockade of RIP1 function with Nec-1 can significantly prevent ischemic brain injury ([@bib12], [@bib11]). Consistent with previous reports ([@bib12], [@bib11]), we observed increased RIP1 phosphorylation in ischemic brain from WT mice, which was successfully removed by treating the RIP1 immunoprecipitant for 1 hr with a bovine intestinal alkaline phosphatase ([Figure 5E](#fig5){ref-type="fig"}, upper). By contrast, the level of RIP1 phosphorylation in the ischemic hemisphere of the *Asic1a*^−/−^ mice remained unchanged as compared to the control hemisphere ([Figure 5E](#fig5){ref-type="fig"}, lower), demonstrating the critical role of ASIC1a in ischemia-induced RIP1 activation.10.7554/eLife.05682.019Figure 5.RIP1 is recruited to ASIC1a in ischemic brain.(**A**) Cerebral blood flow (CBF) of ischemic brain hemisphere before and during middle cerebral artery occlusion (MCAO, arrow) was monitored by transcranial laser Doppler. C, control hemisphere; M, MCAO hemisphere. (**B**) One-hour MCAO treatment caused association of RIP1 with ASIC1a (upper, IP: ASIC1a, IB: RIP1; lower, IP: RIP1, IB: ASIC1a). Both bands in IB: RIP1 represent RIP1; the upper band may represent phospho-RIP1 or ubiquitinated-RIP1 as shown in previous studies ([@bib9]; [@bib17]). (**C**) TTC-staining of ischemic brain slices after 0.5, 1, and 1.5 hr of MCAO treatment followed by 24 hr reperfusion. The 2 hr MCAO was lethal. (**D**) RIP1-ASIC1a association in control (**C**) and MCAO hemisphere (M) following MCAO with durations as indicated (IP: ASIC1a; IB: RIP1). The levels of ASIC1a and RIP1 were assessed by IB. Note: total levels of RIP1 were reduced in the MCAO hemisphere compared to control, despite the increased association with ASIC1a. (**E**) Ischemia-induced RIP1 phosphorylation was abolished in *Asic1a*^*−/−*^ brain. Upper, phosphorylation of RIP1 in ischemic brain of wild type (WT) mice, which was largely removed by 1 hr phosphatase treatment. Lower, *Asic1a* gene deletion prevented the ischemia-induced increase in RIP1 phosphorylation. (**F**) Schematic of a possible mechanism of acid-induced necroptosis. Upper, under normal physiological pH, the C-terminus of ASIC1a is protected by being buried inside or bound by an unknown protein; lower, acid stimulation exposes the CP-1 region of the ASIC1a C-terminus, allowing for association with and activation of RIP1, which in turn leads to necroptosis.**DOI:** [http://dx.doi.org/10.7554/eLife.05682.019](10.7554/eLife.05682.019)

Discussion {#s3}
==========

In the present study, we describe a novel form of neuronal necroptosis induced by extracellular acidosis and mediated by ASIC1a. Compared to conventional DR-dependent necroptosis, ASIC1a-dependent necroptosis did not require de novo synthesized ligands and extracellular protons may serve as the fast 'extrinsic death signal'. ASIC1a-dependent necroptosis does not require intrinsic ROS generation ([Figure 1B](#fig1){ref-type="fig"}, [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}), suggesting a different molecular mechanism from TNF-α-induced necroptosis. It has been shown previously that some forms of necroptosis are autophagy-dependent and do not rely on ROS ([@bib5]). Notably, acidosis was reported to induce cell autophagy ([@bib47]), suggesting a possible autophagy mechanism underlying ASIC1a-dependent necroptosis. Thus, further studies are needed to elucidate the detailed underlying mechanism(s) and clarify the similarities/differences between DR-dependent and ASIC1a-dependent necroptosis. Furthermore, as mentioned in the Introduction, deletion of the *Asic1a* gene strongly protects against ischemic neuronal death in a mouse model of focal ischemia ([@bib50]). A similar neuroprotective effect of Nec-1 was also observed in the same model ([@bib12]). Additionally, both ASIC1a and RIP1 were reported as potential therapeutic targets in traumatic brain injury ([@bib53]; [@bib52]). Importantly, we show here that RIP1 was recruited to ASIC1a in ischemic brains and the loss of ASIC1a prevented ischemia-induced RIP1 phosphorylation ([Figure 5A--E](#fig5){ref-type="fig"}), suggesting that ASIC1a-mediated RIP1 activation is a key step in ischemic brain injury. The inability to activate RIP1 probably explains the resistance of *Asic1a*^*−/−*^ mice to ischemic brain damage. These findings, altogether, strongly suggest ASIC1a is an important up-stream factor regulating RIP1 in vivo. Because both ASIC1a and RIP1 are widely expressed in nervous systems ([@bib12]; [@bib45]) and tissue acidosis is a common feature of many neurological diseases, this novel DR-independent necroptosis probably contributes to neuronal injury in a broad range of neurological disorders.

We recently demonstrated the expression of ASIC1a in mitochondria (mtASIC1a) and found that it plays an important role in ROS-induced and mitochondrial permeability transition (MPT)-dependent neuronal death ([@bib42]). The mtASIC1a functions quite differently from the plasma membrane ASIC1a. Although ASIC1a null neurons resisted H~2~O~2~-induced neuronal death, this effect was not reproduced with treatment with PcTX1, which cannot gain access to mtASIC1a localized in the inner mitochondrial membrane ([@bib42]). However, PcTX1 effectively inhibited acid-induced neuronal death through blocking plasma membrane ASIC1a. Furthermore, whereas mtASIC1a mainly contributed to ROS-induced neuronal death, ROS production was not involved in acid-induced neuronal death ([Figure 1B](#fig1){ref-type="fig"}, [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}). Therefore, the death mechanism examined in the current study does not appear to involve mtASIC1a.

Here we show the indispensible role of ASIC1a channels in mediating neuronal necroptosis in response to extracellular acidification, but the ion-conducting function of the ASIC1a channels appears to not be essential for this process. Although it cannot be ruled out that ionic fluxes through the channel pore may play a modulatory role, our data suggest that RIP1 activation but not ionic conduction per se is necessary for acid-induced necroptotic cell death ([Figure 5F](#fig5){ref-type="fig"}). Since ion channel activation reflects conformational changes induced by ligands and other gating factors, it is plausible that the acid-induced conformational change in ASIC1a channels exposes its proximal C-terminal region, represented by the CP-1 peptide ([Figure 4](#fig4){ref-type="fig"}), to trigger RIP1 phosphorylation ([Figure 5F](#fig5){ref-type="fig"}) and the consequent neuronal necroptosis in response to tissue acidosis. Ironically, steady-state desensitization of the ASIC1a channel by moderate pH decreases, although it suppressed subsequent activation of ASIC1a current, did not prevent acid-induced neuronal death ([Figure 3B](#fig3){ref-type="fig"}). This differed from the neuroprotective effect of PcTX1, which is believed to inhibit ASIC1a activation by causing steady-state channel desensitization at neutral and alkaline pH ([@bib6], [@bib7]). Presumably, extracellular protons cause at least two steps in conformational changes in ASIC1a: one that exposes the C-terminal RIP1 activation domain and the other that mediates channel gating. Only the latter is blocked by the steady-state desensitization induced by the moderated pH decrease, whereas both are inhibited by PcTX1, especially because of the presence of PcTX1 throughout the entire period of pH 6.0 treatment. This could not be the case for pH 6.8 pretreatment as the switch to the pH 6.0 solution necessarily eliminated the condition (pH 6.8) that caused steady-state desensitization in the first place and the C-terminal RIP1 activation domain eventually adopts the acid-induced conformation. Consistent with the two-step conformational changes, AMI was protective against neuronal death when applied before, but not during acidosis, which differed from its action in blocking channel conductance ([Figure 3---figure supplement 4B,C](#fig3s4){ref-type="fig"}).

Conduction-independent functions have been shown to contribute to various physiological and pathological processes for several other ion channels ([@bib19]; [@bib25]). For example, the ether-à-go-go (EAG) K^+^ channel modulates cell proliferation via a mechanism independent of K^+^ flux conducted by the channel ([@bib18]) and certain Na^+^ channel β subunits contribute to cell adhesion without requiring Na^+^ permeability ([@bib19]). Some channels are tightly associated with signaling molecules such as enzymes ([@bib19]; [@bib25]). A typical example is the EAG channel, which regulates the activity of the mitogen-activated protein kinase (MAPK) pathway ([@bib18]). In another example, GluN2B-containing NMDA receptors are directly bound to phosphatase and tensin homolog deleted on chromosome ten (PTEN), cyclin-dependent kinase 5 (cdk5), and death-associated protein kinase 1 (DAPK1), to contribute crucially to excitotoxicity in ischemic brain ([@bib24]). Others are multifunctional proteins containing clearly separate enzymatic and channel domains ([@bib19]). For example, the melastatin-related transient receptor potential 7 (TRPM7) channel contains a kinase domain at its cytoplasmic C-terminus ([@bib31]). For ASIC1a channels, whether this occurs directly via auto-phosphorylation of RIP1 with its own kinase activity or indirectly by other associated kinase(s) requires further experimentation.

Although non-conducting functions have been reported for nearly every major class of ion channel ([@bib19]), it remains unclear whether they represent exceptional cases in a few channel proteins or a general, but unrecognized, property of most ion channels. It is not uncommon for a protein to be multifunctional, but for an ion channel, the ion-conducting function probably attracts the most attention because of the well-developed methodologies and the rich information that can be acquired to characterize the channel. As a result, the non-conducting functions of ion channels have frequently been overlooked. This appears to be the case for ASIC1a. Ever since the protective role of *Asic1a* gene deletion on ischemic brain damage was reported, efforts have been made to understand the underlying mechanism(s) and nearly all reported studies focused on the ionic conduction, especially Ca^2+^ influx, mediated by these channels ([@bib50]; [@bib51]). However, as mentioned above and in accordance with the new evidence shown in the current study, the ionic conductance and Ca^2+^ toxicity hypothesis is incompatible with the observed time dependence of severity of acid-induced neuronal death, at least under in vitro conditions. Interestingly, the acid-induced \[Ca^2+^\]~i~ rise and whole-cell currents in neurons, although highly correlated with ASIC1a expression, only occurred with fast focal application of the acidic solution ([Figure 3---figure supplement 2,3](#fig3s2 fig3s3){ref-type="fig"}), a condition that rarely happens during the development of tissue acidosis. Previously, partial protection was attained by reducing extracellular \[Ca^2+^\] to 0.2 mM, leading to the conclusion that Ca^2+^ influx was involved in acidic neuronal death ([@bib50]). However, the reduced extracellular \[Ca^2+^\] could cause other complications that compromised necroptotic death. Therefore, we removed extracellular Ca^2+^ completely and observed no neuroprotection in the present study. We further show that the ability of ASIC1a to mediate acidotoxicity is independent of its ion-conducting function, but requires a C-terminal region of the channel protein. The sequence of CP-1 peptide that mimics acidosis in causing RIP1 phosphorylation and neuronal death represents a non-conserved region of ASIC C-termini ([Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}), raising the possibility that the conduction-independent necroptotic effect of ASIC1a channels arose later in evolution than the channel conducting function, which is universal for nearly all ASICs.

For neurons, a popular hypothesis is that protons co-released with neurotransmitters from acidic synaptic vesicles could activate postsynaptic ASIC1a, regulating physiological functions such as synaptic transmission, neuronal excitability, and learning/memory ([@bib45], [@bib46]). However, although *Asic1a*^*−/−*^ mice exhibit abnormal synaptic activity and learning/memory deficits ([@bib44], [@bib45]; [@bib8]; [@bib36]), the non-substantial contribution of ASIC1a channels to synaptic events, such as excitatory postsynaptic potentials (EPSPs), is insufficient to account for the functions of these channels ([@bib1]; [@bib8]; [@bib21]). It might be possible that a conduction-independent mechanism was also involved in the synaptic function of ASIC1a channels. A knock-in mouse model carrying the non-conducting HIF-ASIC1a mutant would be a useful tool to examine this possibility in future studies.

Materials and methods {#s4}
=====================

Focal ischemia {#s4-1}
--------------

The experimental protocols (ethics protocol number: 2014022) were approved by the Animal Care and Use Committee of Shanghai Jiao Tong University School of Medicine, Shanghai, China. A transient focal ischemia model was prepared as described previously ([@bib50]; [@bib14]). Briefly, animals (male C57BL/6 mice, ∼25 g) were anesthetized using 10% chloral hydrate with intubation and ventilation. Rectal and temporalis muscle temperature was maintained at 37 ± 0.5°C with a thermostatically controlled heating pad and lamp. A suture occlusion was made to the middle cerebral artery while cerebral blood flow (CBF) was monitored by transcranial laser Doppler. Animals whose blood flow did not reduce below 20% were excluded. For co-IP experiments, animals were killed and brains were removed immediately after MCAO of various durations of 0.5, 1, 1.5 and 2 hr. In other animals the suture was removed to allow reperfusion and the mice were euthanized 24 hr later. Brains were removed, sectioned coronally at 1 mm intervals, and stained with the vital dye 2,3,5-triphenyltetrazolium hydrochloride (TTC). Under the present experimental conditions, 2 hr MCAO was lethal to the animals.

Primary culture of mouse cortical neurons {#s4-2}
-----------------------------------------

Postnatal day 1 C57BL/6 WT or *Asic1a*^*−/−*^ mice (with a congenic C57BL/6 background) were anesthetized with halothane. Brains were removed rapidly and placed in ice-cold Ca^2+^- and Mg^2+^-free phosphate-buffered saline (PBS). Tissues were dissected and incubated with 0.05% trypsin-EDTA for 15 min at 37°C, followed by trituration with fire-polished glass pipettes, and plated in poly-D-lysine-coated 100 mm culture dishes (1 × 10^7^ cells per dish) or 24-well plates (1.5 × 10^6^ cells per well). Neurons were cultured with Neurobasal medium supplemented with B27 and maintained at 37°C in a humidified 5% CO~2~ atmosphere incubator. Cultures were fed twice a week and used for all the assays 14--16 days after plating. Glial growth was suppressed by the addition of 5-fluoro-2-deoxyuridine (20 μg/ml; Sigma--Aldrich, St. Louis, MO) and uridine (20 μg/ml; Sigma--Aldrich, St. Louis, MO).

shRNA of mouse RIP1 {#s4-3}
-------------------

The virus-based RIP1 shRNA and negative control plasmids which had been successfully used in a previous study ([@bib54]) were kindly provided by Dr JH Han (School of Life Science, Xiamen University, Xiamen, China). Briefly, RIP1 shRNA was designed to target mouse RIP1 with the sequence GCATTGTCCTTTGGGCAAT, and its effectiveness was tested by Western blotting. shRNA targeting an irrelevant gene β-galactosidase was used as a negative control with the sequence TTGGATCCAA. The cultured mouse cortical neurons were infected with lentivirus for RIP1 shRNA or the negative control shRNA at DIV 7. Assays were performed 7 days after virus infection.

Transfection of CHO cells and *Asic1a*^−/−^ neurons {#s4-4}
---------------------------------------------------

Cortical neurons from *Asic1a*^*−/−*^ mice were cultured in no. 0 glass bottom dishes coated with poly-D-lysine for 5 days and a half volume of medium removed for later use before transfection. CHO cells were grown in 35 mm dishes, 24-well plates, or glass coverslips for 1 day. Transfection was carried out using HilyMax (Dojindo, Japan) according to the standard protocol. Briefly, neurons (in 1 ml of medium per culture) or CHO cells (in 2 ml of medium per culture) were transfected with 0.5--1 μg of the desired plasmid: EGFP-vector, EGFP-tagged or untagged WT-ASIC1a (human, EU078959.1), HIF-ASIC1a, RC-ASIC1a, ASIC1b (rat, EDL86977.1), ASIC2a (rat, NM_001034014.1), ASIC3 (rat, NM_173135.1), or TRPV1 (rat, NM_031982) and 2 µl HilyMax. For neurons, the transfection medium was replaced after 6 hr by a 1:1 mixture of the medium removed before the transfection and fresh culture medium. Cells were used at 48 hr after transfection. The GFP signal was used for the identification of transfected cells.

Co-immunoprecipitation {#s4-5}
----------------------

Cultured mouse cortical neurons or brain tissues were collected and re-suspended in a lysis buffer \[20 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 3 mM NaF, 1 mM β-glycerophosphate, 1 mM sodium orthovanadate, 2 mM *N*-ethylmaleimide and 10% glycerol, complete protease inhibitor set (Sigma--Aldrich, St. Louis, MO), and phosphatase inhibitor set (Roche, Switzerland)\]. The re-suspended lysates were vortexed, incubated on ice for 40 min, and centrifuged at 13,000 × g for 15 min. The supernatant was incubated with 4 μg antibody overnight at 4°C. The following day, 20 μl protein G agarose beads were added to the sample and incubated for 2 hr at 4°C. Then, the beads were washed three times with the lysis buffer and the immunoprecipitants eluted with 2× loading buffer and subjected to Western blot analysis.

Electrophysiological recordings {#s4-6}
-------------------------------

ASIC currents were recorded using whole-cell patch-clamp techniques at room temperature (22--25°C). For voltage-clamp recordings, the membrane voltage was held at −60 mV. The standard external solution (SS) contained: 150 mM NaCl, 5 mM KCl, 1 mM MgCl~2~, 2 mM CaCl~2~, and 10 mM glucose, buffered to various pH values with 10 mM HEPES. The osmolarity of all solutions was kept at 300--330 mOsm/l. In NMDG-replacement and Ca^2+^-free experiments ([Figure 3D,E](#fig3){ref-type="fig"}), external solutions were adjusted accordingly. The patch pipette solution contained: 120 mM KCl, 30 mM NaCl, 1 mM MgCl~2~, 0.5 mM CaCl~2~, 5 mM EGTA, 4 mM Mg-ATP, and 10 mM HEPES, pH 7.4. All drugs for electrophysiological experiments were purchased from Sigma--Aldrich (St. Louis, MO). A Y-tube apparatus was used for drug administration in electrophysiological and Ca^2+^-imaging (see below) experiments. The inner diameter of the open end of the Y-tube was ∼100 μm. The flow rate was adjusted by changing the height of the solution reservoir. The tip of the Y-tube was placed ∼500 μm away from the cell body in order to ensure complete exposure to the perfusion solution by the cells being recorded without distorting the cell shape due to solution flush.

Ca^2+^ imaging {#s4-7}
--------------

Cultured mouse cortical neurons grown on no. 0 glass bottom dishes were washed three times with SS (pH 7.4) and incubated with 1 µM Fura-2 AM for 30 min at 37°C, followed by washing three times with SS. The dish was mounted on the stage of an inverted fluorescence microscope (Nikon Eclipse TI, Japan) and neurons were observed with a 20× objective lens. Fura-2 fluorescence images were acquired with alternating excitation wavelengths of 340 and 380 nm and an emission wavelength of 510 nm at 0.5 Hz while cells were continuously perfused with a Y-tube placed approximately 500 µm from the cells at a rate of ∼50 µl/min (fast perfusion) or ∼15 µl/min (slow perfusion). The acidic (pH 6.0) solution was applied through the Y-tube at the same rate. To block secondary activation of glutamate receptors and voltage-gated Na^+^ and Ca^2+^ channels, 20 μM AP5, 20 μM CNQX, 1 μM TTX, and 5 μM nimodipine were included in the perfusate. PcTX1 (50 nM) was included to inhibit ASIC1a. The Fura-2 ratio (340/380) was used to represent \[Ca^2+^\]~i~ changes.

CHO cells grown on glass coverslips transfected with mCherry-ASIC1a were washed twice with SS (pH 7.4) and then incubated with 2 μM Fluo4-AM (Dojindo, Japan) in the presence of 0.02% Pluronic F-127 at 22°C for 60 min, followed by washing twice with SS (pH 7.4). The coverslip was transferred to a perfusion chamber, which was mounted on the stage of a Nikon Eclipse TI (Japan). Fluo4 fluorescence images were taken at 0.3 Hz with excitation and emission wavelengths of 488 and 520 nm, respectively. Solution changes were achieved with the use of a Y-tube at ∼50 µl/min.

Proton imaging {#s4-8}
--------------

Cultured mouse cortical neurons grown on glass coverslips were incubated with 5 μM BCECF-AM at 37°C for 30 min and then washed twice with SS (pH 7.4). The coverslip was transferred to a perfusion chamber, which was mounted on the stage of a Nikon Eclipse TI (Japan). BCECF fluorescence images were taken with alternating excitation wavelengths of 490 and 440 nm and an emission wavelength of 535 nm at 0.1 Hz. Solution changes were achieved with the use of a Y-tube at ∼50 µl/min.

Death assay {#s4-9}
-----------

Acid-induced neuronal death was achieved as described previously ([@bib50]). First, cells were washed three times with the treatment solution (150 mM NaCl, 5 mM KCl, 1 mM MgCl~2~, 2 mM CaCl~2~, and 10 mM glucose, buffered to the desired pH value with 10 mM HEPES) within 5 min at room temperature (22--25°C), and then incubated at 37°C for different time periods depending on experimental purposes. At the end of treatment, the solution was replaced with the normal pH culture medium and the culture resumed at 37°C for 24 hr. Cell viability was assessed by propidium iodide (PI) staining, lactate dehydrogenase (LDH) measurement, and the Cell Titer Blue (CTB) assay. Briefly, cells were stained with 10 μg/ml PI for 10 min at room temperature and then examined by fluorescence microscopy. NeuN-staining or DIC was used to distinguish neurons from glia. For the LDH assay, neurons were washed three times with the external solution and randomly divided into treatment groups. Neurons were washed and incubated in the normal culture medium at 37°C for 24 hr. The LDH level in the culture medium, indicative of cell death, was measured using the LDH assay kit (Roche Molecular Biochemicals, Switzerland). An aliquot of the medium (100 μl) was transferred from the culture wells to the wells of a 96-well plate and mixed with 100 μl of the reaction solution provided by the kit. Optical density was measured at 492 nm 45 min later using the SpectraMax Paradigm Multimode Microplate Reader (Molecular Devices, Sunnyvale, CA). Background absorbance at 620 nm was subtracted. The maximal releasable LDH in each well was then obtained by a 15 min incubation with 1% Triton X-100 at the end of each experiment. For the CTB assay, neurons were cultured in the wells of 24-well plates. The amount of culture medium was adjusted to the same in each well (0.5 ml) and pH 6.0 treatment was performed in the absence and presence of different drugs. After a return to normal culture for 24 hr, 0.1 ml CTB solution (Promega, Madison, WI) was added to each well and the plate incubated for 2 hr at 37°C. The fluorescence intensities (excitation, 560 nm; emission, 590 nm), indicative of the amounts of viable cells, were measured using the SpectraMax Microplate Reader. All death assays were performed with four to eight repeats each time.

In vitro RIP1 auto-phosphorylation assay {#s4-10}
----------------------------------------

Mouse cortices were collected and resuspended in a lysis buffer \[20 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 3 mM NaF, 1 mM sodium orthovanadate, 10% glycerol, and complete protease inhibitor set (Sigma--Aldrich, St. Louis, MO)\]. The lysates were vortexed for 20 s and then incubated on ice for 40 min and centrifuged at 13,000 rpm for 15 min. The supernatant was incubated with 4 μg antibody against RIP1 (BD Biosciences, San Jose, CA, 610458) overnight at 4°C. The next day, 20 μl protein G agarose beads were added to the sample and incubation continued for 2 hr at 4°C. Then, the beads were washed three times with the lysis buffer before being resuspended in 20 μl of the kinase reaction buffer (20 mM HEPES, pH 7.3, 5 mM MgCl~2~, and 5 mM MnCl~2~). This was followed by the addition of 20 μM of cold ATP to initiate the kinase reaction, which lasted for 1 hr at 30°C and was terminated by the addition of 20 μl of 2× SDS loading buffer. The samples were vortexed, centrifuged for 1 min at 13,000 rpm, heated to 95--100°C for 5 min, and then cooled on ice for 1 min. After another centrifugation for 5 min at 13,000 rpm, the supernatants were subjected to Western blot analysis using the anti-phospho-S/T antibody (Cell Signaling, Danvers, MA, phospho-PKA substrate, clone100 G7E) to detect phosphorylated RIP1.

Dephosphorylation assay {#s4-11}
-----------------------

Immunoprecipitation of RIP1 was performed as described above. The immunoprecipitants were washed three times with a dephosphorylation buffer (DB; 100 mM NaCl, 50 mM Tri-HCl, 10 mM MgCl~2~, 1 mM dithiothreitol, pH 7.9, and Sigma complete protease inhibitor set), then incubated in DB with 10 units of bovine intestinal alkaline phosphatase (Sigma--Aldrich, St. Louis, MO, P0114) at 37°C for 1 hr before Western blot analysis for phosphorylated RIP1 was performed as described above.

^32^P-labeling assay {#s4-12}
--------------------

Cultured mouse cortical neurons were washed three times with pre-warmed SS (pH 7.4 or pH 6.0). Then, 2 ml pre-warmed SS (pH 7.4 or pH 6.0) containing 1 mCi/ml ^32^P was added and cells were incubated for 30 min at 37°C. After incubation, the labeling medium was removed and the dish was washed with cold SS three times. Cells were then lysed in a lysis buffer \[20 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 3 mM NaF, 1 mM β-glycerophosphate, 1 mM sodium orthovanadate, 2 mM *N*-ethylmaleimide and 10% glycerol, complete protease inhibitor set (Sigma--Aldrich, St. Louis, MO), and phosphatase inhibitor set (Roche, Switzerland)\], vortexed, incubated on ice for 40 min, and centrifuged at 13,000 × g for 15 min. The supernatant was incubated with 4 μg anti-RIP1 antibody overnight at 4°C. The next day, 20 μl protein G agarose beads were added to the sample, which was then incubated for 2 hr at 4°C. The beads were washed three times with the lysis buffer, the immunoprecipitants eluted with 2× loading buffer and were subjected to Western blot analysis. The gel was exposed to a phosphorimaging screen overnight to detect phosphorylated RIP1. The screen was scanned using the STORM imaging system.

Statistical analysis {#s4-13}
--------------------

Statistical comparisons were performed using unpaired or paired Student\'s *t* tests (for data with non-normal distribution, the [Kolmogorov--Smirnov test](http://en.wikipedia.org/wiki/Kolmogorov%E2%80%93Smirnov_test) was used) where values of p\<0.05 are considered significant.
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eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see [review process](http://elifesciences.org/review-process)). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.

Thank you for sending your work entitled "Acid sensing and signaling in the ischemic brain: Acidotoxicity revisited" for consideration at *eLife*. Your article has been evaluated by a Senior Editor, a Reviewing Editor, and three reviewers.

The Reviewing editor and the reviewers discussed their comments before we reached this decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission. All reviewers agreed that the manuscript presents an intriguing set of experiments that have been carefully combined to support a highly innovative hypothesis: that ASIC-mediated neuronal death involves a novel form of necroptosis induced by phosphorylation of the kinase RIP1 via an acid and ASIC1-dependent mechanism that does not rely on ASIC ion conduction. However, they added the following cautions: some of the highly innovative ideas presented within this manuscript are based on negative data and experiments that fail to replicate results previously reported by the authors themselves and others. Therefore, the methodology must be clear and all important controls should be reported. Many of these controls are missing and interpretations that would support a less exciting explanation of the results have not been ruled-out. Thus, the major conclusion that the ASIC-dependent neuronal cell death is independent of Ca^2+^ change and channel conductance, although very appealing, appears to be premature and requires further support.

Key issues noted by the reviewers (and detailed below under "Specific comments") include whether HIF-ASICa is really non-conducting and the fact that permeant ions (protons) remain even in the ion substitution experiments. Of major interest is some resolution of the discrepancy with the previous study of [@bib50]. The reviewers agreed that, to be definitive, it will be necessary to characterize the permeability of the mutant, add the calcium imaging data as requested below, repeat the CHO studies in neurons, and utilize additional methodology to assess cell death (since ASICs affect mitochondrial function and the prominent assay used doesn\'t allow definitive conclusions).

Specific comments:

1\) The exact methodology of acid-mediated death (solutions/timing/quantification, etc) is not described or referenced. The lack of this information makes is impossible to properly review the manuscript and place the results within the context of previously published work that have reported opposite results.

2\) The bulk of the work in this manuscript uses the CTB assay, which measures reduction of the redox dye (resazurin) into a fluorescent end product (resorufin). This is dependent on the number of viable cells as well as mitochondrial metabolism. The authors previously reported that ASIC1a affects mitochondrial activity and cell death (Wang et al., Cell death and Differentiation, 2013). Although no reference to this paper is made within the current manuscript, it seems likely that the interventions could alter mitochondrial localization of ASICs or mitochondrial function to affect the results of the CTB viability assay. A secondary method should be used to rule out non-specific effects due to changes in ASIC localization to the mitochondria (which is not being measured) or pH-dependent changes in mitochondrial activity independent of ASICs.

3\) The authors show that steady state desensitization of ASIC1a does not prevent acidosis-induced neuronal death ([Figure 3A--D](#fig3){ref-type="fig"}) in opposition to the results reported by Sherwood et al., J. [Neurosci]{.ul} 2009. In [Figure 3D](#fig3){ref-type="fig"}, control data should be presented in which cells were *not* exposed to pH 6.8 for 2 minutes to allow determination if such 6.8 incubation attenuated acid-mediated death at all. Further, perfusion systems for patch clamp ([Figure 3A, B](#fig3){ref-type="fig"}) are often much faster and more accurate than the solution exchange within a 100 mm culture or 24 well dish (Figure C and D). Thus, the authors should also report how they directly measured the pH of the solution within the viability assay to ensure that their methodology allowed pH 6.8 to be obtained in the tissue culture wells prior to pH 6.0 incubation.

4\) [Figure 3E](#fig3){ref-type="fig"} shows that removal of calcium or in fact all major ions from the treatment solution does not impact acidosis-induced changes in cell viability as measured with the CTB assay. This is a dramatic reversal of the seminal observation that ASIC1a-mediated neuronal death is dependent on extracellular calcium (Xiong et al., Cell, 2004 showed; [Figure 5A](#fig5){ref-type="fig"}) and should be well supported. A control should be included which illustrates that pH 6.0-evoked decrease in viability using the CTB assay under these specialized conditions is still dependent on ASIC1a (i.e. PcTx1-mediated inhibition). Ca^2+^ imaging experiments are needed to establish that the low pH-induced cell death is not dependent on increases in \[Ca^2+^\]~i~. Finally, Ca^2+^-free medium also induces neuronal depolarization, which could complicate the interpretation of the data in [Figure 3E](#fig3){ref-type="fig"}.

5\) Removal of sodium, potassium, and calcium has not removed all the permeant ions. ASIC1a is also permeant to protons (Waldmann et al. Nature 386, 1997; Chen and Grunder, J. Physiology 579, 2007). Given this fact, it is difficult to see how ion conduction can be completely ruled out.

6\) The authors measure acidosis-induced neuronal death in stable CHO cell lines ([Figure 2G,H](#fig2){ref-type="fig"}) and interchange these data with those obtained in neurons. The methodology for the viability in CHO cells is unclear and interpretations difficult to solidify. Use of such methodology requires that the percentage of cells expressing ASIC1a be equivalent between groups. Further, CHO cells are actively dividing and acidosis-induced neuronal death is measured 24 hours after exposure to pH 6.0. Use of the CTB viability assay measures the number of viable cells. Thus, any difference could be due to pH 6.0-evoked changes in cell death or a cell division. Controls should be presented that acid-mediated death utilizes equivalent mechanisms in neurons and CHO cells (i.e. RIP1 dependent, PcTx1 susceptible, etc). Alternatively, these experiments could be done in transfected neurons.

7\) The most compelling data to support the idea that ASICs mediate neuronal death independent of ion conduction comes from the use of HIF-ASIC1a in CHO cells. The authors state that "while both were expressed normally on the plasma membrane ([Figure 3--figure supplement 2B](#fig3s2){ref-type="fig"}), HIF-ASIC1a (32HIF34 mutated to 32AAA34) was non-conducting due to pore dysfunction ([@bib29])." Yet, [@bib29] did not study this mutant and HIF-ASIC1a has not been previously characterized or linked to the pore. Pfister et al. did study these residues, but felt that their data "did not allow them to conclude" that they impact the pore or channel gating (see discussion of [@bib29]). In fact, recent data with ENAC (Kucher et al., Biophys J 100(8) 1930--1939, 2011) suggest that channels with mutations in these residues might, in fact, be conductive in a voltage dependent manner and only appear non-functional in traditional voltage-clamp conditions. It is also unclear whether the HIF1 mutation alters proton permeation or whether HIF-ASIC1a localized to mitochondria.

8\) The authors find that co-administration of amiloride (unknown concentration) with pH 6.0 eliminates acid-gated currents, but does not affect acidosis-induced changes in cell viability ([Figure 3--figure supplement 1C)](#fig3s1){ref-type="fig"}. This seems in direct opposition to the results of Xiong et al., Cell 2004, ([Figure 4D; 5C](#fig4 fig5){ref-type="fig"}). Similarly, the current manuscript suggested that pretreatment with amiloride for 1 hour did prevent acid-dependent changes in cell viability. Xiong et al., previously reported that incubating neurons for 10 min prior and during acidosis with amiloride prevented toxicity and amiloride incubation for extended periods of time is toxic (Xiong et al., Cell 2004). Additional information on the methodology as well as some inclusion of a discussion of the difference in these results should be provided.

9\) PcTx1 inhibits ASIC currents by pushing the channel into the steady state desensitized state. If steady state desensitization is still toxic, then PcTx1 must be attenuating acid induced neuronal death by preventing the "non-conductive" conformational transition which activates RIP1-mediated death in manner similar to that suggested for 1 hour amiloride. This should be addressed within the Discussion.

10\) The authors show that the CP1 region of the C-terminus is toxic to neurons in a manner that is independent of acidic pH and partially reversed by Nec-1. Given the non-specificity of Nec-1 and the basic nature of the included ASIC1-C-terminal fragment, it is important to further explore this toxicity. Is the effect dependent on RIP1 or ASIC1a? The importance of the TAT peptide should also be assessed as a control.

11\) The most direct evidence supporting the idea that the low-pH induced ASIC-dependent neuron death does not require the channel\'s ionic conduction is from [Figure 3H](#fig3){ref-type="fig"} where the authors show that a non-conducting ASIC (HIF-ASIC1a) is as efficient as the wild-type in mediating pH6.0-induced cell death. However, this experiment was done in CHO fibroblast cells. The cell death is only ∼30% (∼20% higher than in the "blank" control), way below the ∼80% observed in neurons ([Figure 1C](#fig1){ref-type="fig"}). At minimum, the authors should test the two constructs in the ASIC knockout neurons and test whether they have similar ability in restoring the pH-induced cell death.

12\) The authors rely heavily on pharmacology. There is a general lack of discussion of why drugs were used at certain concentrations and applied for particular durations; how specific they are at those concentrations; and why the situation is thought to be the same between the various cells/tissues studied.

13\) Along the similar lines, the authors use the caspase inhibitor, zVAD-fmk, as a major part of their argument that cells are dying by necroptosis and not apoptosis. It would be useful to have a positive control for this agent (e.g., by showing that it blocks the effect of staurosporine).

14\) What pH is induced in the brain during MCAO? The authors should estimate this value and, if it is very different from 6.0 (the value tested in in vitro experiments), they should present additional evidence that the mechanism they worked out in vitro is operative in vivo.

15\) There is insufficient demonstration of the necroptotic phenotype at the level of morphology. The authors provide EM images of cells but these are few and not quantified.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled "Tissue acidosis induces neuronal necroptosis via ASIC1a channel independent of its ionic conduction" for further consideration at *eLife*. Your revised article has been favorably evaluated by a Senior Editor, a Reviewing Editor, and two reviewers. The manuscript has been greatly improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:

The reviewers acknowledge the strength of the ionic substitution (NMDG) and pore mutant experiments at making a role for Ca influx through ASICs appear highly unlikely for necroptosis. Nevertheless, they note that the novelty of complete Ca--independence is substantial and also deviates from previous work from your group, and therefore requires evidence not only that increased Ca levels are unnecessary for necroptosis but also that Ca levels do not actually increase (e.g., through another mechanism; if the mechanism is distinct, of course the case can still be made that Ca may not enter through the ASIC pore). Reviewer 1 suggests an imaging experiment in neurons (rather than just CHO cells); Reviewer 2, with the same underlying concerns, requests a discussion of possible bases for the difference between this and previous work.

Reviewer \#1 (General assessment and major comments):

The authors have responded to the previous reviews with additional experiments and the manuscript has been strengthened. It will be an important manuscript for the field. The one significant omission that remains is calcium imaging in neurons. The authors should report ASIC1a-dependent calcium signal in neurons treated with Nec-1 and in neurons transfected with the different ASIC1a constructs used in the death assays. The authors now show that acid-induced calcium signaling is absent in transfected CHO cells (this has been previously reported by Samways et al., as stated by the authors) and that acid-induced cell death occurs in the absence of extracellular calcium in neurons. Yet, as the authors eloquently discuss, calcium permeability and acid-induced calcium fluctuations have been the focus of the field for years. The irrelevance of calcium is such a significant reversal of previous data published by the authors as well as almost all reviews of ASIC1a-dependent processes. This assertion should be backed by all commonly available methodologies. As the authors have previously reported imaging of ASIC1a-induced calcium signals in neurons (Gao et al., Neuron, 2005), these measures of calcium are conspicuously absent. Given the importance of these results for the field, they should also be included.

Reviewer \#2 (General assessment and major comments):

The authors have done a good job addressing most of the questions raised by the reviewers. The data looks interesting and it reveals a novel mechanism for low pH-induced neuronal death.

Reviewer \#2 (Minor comments):

One thing that still puzzles me, and perhaps other readers, is the nearly total lack of Ca^2+^ influx-dependence of low pH-induced cell death as observed in this paper; yet the [@bib50] paper demonstrated clear Ca^2+^-dependence. The experimental conditions in the two studies appear to be similar. The authors did not address this apparent discrepancy as asked by the reviewers. They should at least include some discussion to address this.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled "Tissue acidosis induces neuronal necroptosis via ASIC1a channel independent of its ionic conduction" for further consideration at *eLife*. Your revised article has been favorably evaluated by a Senior Editor, a Reviewing Editor, and one reviewer. The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:

The new experiments on the response of neurons to changes in pH raise the interesting possibility that the rate of solution application is the variable that accounts for the differences between the present and previous work. However, as pointed out by the reviewer, the information given in the manuscript suggests that the pH change in the slow-flow condition was so slow that it raises the concern that the cells were never exposed to the solution at all, which would explain the lack of Ca signal detected. The editors recognize that this perception may be a misunderstanding, owing to an incomplete description of the Y-tube apparatus and/or how it was verified that the solution reached the cell. If so, please edit the manuscript to make the methods clearer, so that this concern can be alleviated. If, however, no verification was done, it may be necessary either to provide alternative evidence to justify the claim that flow rate is the key variable determining the Ca signals, or to remove that conclusion and relegate the hypothesis of flow rate to the Discussion.

Reviewer \#2:

The authors addressed the concern of the reviewers by imaging low pH-induced Ca^2+^ changes in cortical neurons. They conclude that low pH perfusion leads to Ca^2+^ influx only when at high perfusion speed (50 µl/min) but not at low speed (15 µl/min). The authors further imply that the low speed, which induces no detectable Ca^2+^ increase, may be closer to the pathophysiological conditions. While I was generally satisfied with the previous version and did not specifically ask for additional measurements, I found the data added in this revision is totally unconvincing. The perfusion was done with focal perfusion using a Y-tube (opening size not specified) placed ∼500 µm away from the neuron. The concentration of the perfusion solution (i.e. the pH change) a neuron experiences is determined by the opening and the shape of the tube, and the angle at which the tube is aligned against the neuron. A simple explanation for the lack of Ca^2+^ change during slow perfusion could be that the neuron never experienced a significant pH change, and this had little to do with the speed of the pH change. After all, a15 µl/min perfusion against a dish (1 ml volume?) is very slow and there might be a large pH gradient between the tube opening and the cell body (even for a 500 µm distance). It\'s not clear to me why the authors did not use whole-dish perfusion (as done for the CHO cells) where the time it takes to change the whole bath can be more accurately measured/estimated. In summary, it appears to me that the conclusion that Ca^2+^ change is speed-dependent is meaningless, unless both the degree and the speed of pH change of bath surrounding the neuron are known.

10.7554/eLife.05682.021

Author response

*\[...\] Key issues noted by the reviewers (and detailed below under "Specific comments") include whether HIF-ASICa is really non-conducting and the fact that permeant ions (protons) remain even in the ion substitution experiments. Of major interest is some resolution of the discrepancy with the previous study of* [@bib50]*. The reviewers agreed that, to be definitive, it will be necessary to characterize the permeability of the mutant, add the calcium imaging data as requested below, repeat the CHO studies in neurons, and utilize additional methodology to assess cell death (since ASICs affect mitochondrial function and the prominent assay used doesn\'t allow definitive conclusions).*

We thank the reviewers for the positive comments on our present work. We agree that the suggested experiments are critical to support our conclusion. We have performed all the experiments as suggested and obtained results that provide additional support to the non-conducting role of ASIC1a in acid-induced neuronal necroptosis (please see new [Figure 1D](#fig1){ref-type="fig"}; [Figure 1--figure supplement 1A and 1F](#fig1s1){ref-type="fig"}; [Figure 1--figure supplement 2A, B and C](#fig1s2){ref-type="fig"}; [Figure 2D1, D2 and H](#fig2){ref-type="fig"}; [Figure 2--figure supplement 1A1 and A2](#fig2s1){ref-type="fig"}; [Figure 3A1, A2, B, F, G and H](#fig3){ref-type="fig"}; [Figure 3--figure supplement 1A and B](#fig3s1){ref-type="fig"}; [Figure 3--figure supplement 2A1, A2 and B](#fig3s2){ref-type="fig"}; [Figure 3--figure supplement 4B](#fig3s4){ref-type="fig"}; [Figure 3--figure supplement 5](#fig3s5){ref-type="fig"}; [Figure 3--figure supplement 6B](#fig3s6){ref-type="fig"}; [Figure 4--figure supplement 1B and C](#fig4s1){ref-type="fig"}).

Specific comments:

1\) The exact methodology of acid-mediated death (solutions/timing/quantification, etc) is not described or referenced. The lack of this information makes is impossible to properly review the manuscript and place the results within the context of previously published work that have reported opposite results.

We have described the exact methodology of acid-mediated death in the Materials and methods section and used diagrams to show experimental schemes (please see new [Figure 1--figure supplement 1A](#fig1s1){ref-type="fig"}, [Figure 3--figure supplement 1A](#fig3s1){ref-type="fig"}). Please also see the addition of a key reference ([@bib50]) for the methodology used.

2\) The bulk of the work in this manuscript uses the CTB assay, which measures reduction of the redox dye (resazurin) into a fluorescent end product (resorufin). This is dependent on the number of viable cells as well as mitochondrial metabolism. The authors previously reported that ASIC1a affects mitochondrial activity and cell death (Wang et al., Cell death and Differentiation, 2013). Although no reference to this paper is made within the current manuscript, it seems likely that the interventions could alter mitochondrial localization of ASICs or mitochondrial function to affect the results of the CTB viability assay. A secondary method should be used to rule out non-specific effects due to changes in ASIC localization to the mitochondria (which is not being measured) or pH-dependent changes in mitochondrial activity independent of ASICs.

We have now cited the paper (please see Discussion, second paragraph). The plasma membrane ASIC1a works as a \'death initiator\', which directly responds to extracellular acidosis to initiate neuronal necroptosis, whereas the mitochondrial ASIC1a (mtASIC1a) contributes to the \'execution of death\', which mainly mediates H~2~O~2~-induced neuronal death. Therefore, the specific inhibitor of ASIC1a, PcTX1, inhibited extracellular acidosis-induced neuronal necroptosis (please see new [Figure 1B](#fig1){ref-type="fig"}, [Figure 1--figure supplement 2B](#fig1s2){ref-type="fig"}), but not H~2~O~2~-induced neuronal death because of the inaccessibility of extracellularly applied PcTX1 to mtASIC1a located in mitochondrial inner membrane (please see [Figure 1C](#fig1){ref-type="fig"} in the paper by [@bib42]). Nevertheless, to rule out non-specific effects due to potential changes in ASIC localization to the mitochondria acidic neuronal death was also assayed by measuring lactate dehydrogenase (LDH) release and counting PI-positive neurons (please see new [Figure 1C1 and C2](#fig1){ref-type="fig"}; [Figure 1--figure supplement 2B](#fig1s2){ref-type="fig"}; [Figure 3C](#fig3){ref-type="fig"}; [Figure 3--figure supplement 1B](#fig3s1){ref-type="fig"}; [Figure 3H](#fig3){ref-type="fig"}; and [Figure 3--figure supplement 5](#fig3s5){ref-type="fig"}). These two methods are independent of mitochondrial activity. The results are consistent with those acquired via CTB assays (please see new [Figure 1B](#fig1){ref-type="fig"}), indicating that the CTB assay is a reliable method to examine acid-induced cell death under our experimental conditions. So far, we have no evidence supporting that mtASIC1a directly contributes to acid-induced neuronal necroptosis.

*3) The authors show that steady state desensitization of ASIC1a does not prevent acidosis-induced neuronal death (*[*Figure 3A--D*](#fig3){ref-type="fig"}*) in opposition to the results reported by Sherwood et al., J. Neurosci 2009. In* [*Figure 3D*](#fig3){ref-type="fig"}*, control data should be presented in which cells were* not *exposed to pH 6.8 for 2 minutes to allow determination if such 6.8 incubation attenuated acid-mediated death at all. Further, perfusion systems for patch clamp (*[*Figure 3A,B*](#fig3){ref-type="fig"}*) are often much faster and more accurate than the solution exchange within a 100 mm culture or 24 well dish (Figure C and D). Thus, the authors should also report how they directly measured the pH of the solution within the viability assay to ensure that their methodology allowed pH 6.8 to be obtained in the tissue culture wells prior to pH 6.0 incubation.*

We apologize for not making the experimental conditions clear for [Figure 3B and 3D](#fig3){ref-type="fig"}. In [Figure 3C](#fig3){ref-type="fig"}, neurons were treated with pH 6.0, *but not* pH 6.8 solutions, for the different periods of time as indicated. There was no pretreatment for any of the conditions shown. In our experimental system, it is impossible to replace the solution in 24-well dishes within 2 min because neurons needed to be washed for three times to ensure complete solution exchange. The shortest time we could reach was 10 min. Inspired by the reviewers' question, we pre-treated the neurons with the pH 6.8 solution for 10 min and then exposed them to the pH 6.0 solution for 1 hr. We found no significant protective effect by the pretreatment with pH 6.8 solution (please see new [Figure 3B](#fig3){ref-type="fig"}, [Figure 3--figure supplement 1A](#fig3s1){ref-type="fig"}), suggesting that steady-state desensitization of the ASIC1a channel does not protect neurons from acid-induced death under our experimental conditions. To ensure accurate pH treatment, we rapidly washed neurons three times with the treatment solution at the beginning of the incubation and measured the pH value of the final solution by a pH meter immediately following the treatment.

*4)* [*Figure 3E*](#fig3){ref-type="fig"} *shows that removal of calcium or in fact all major ions from the treatment solution does not impact acidosis-induced changes in cell viability as measured with the CTB assay. This is a dramatic reversal of the seminal observation that ASIC1a-mediated neuronal death is dependent on extracellular calcium (Xiong et al., Cell 2004 showed;* [*Figure 5A*](#fig5){ref-type="fig"}*) and should be well supported. A control should be included which illustrates that pH 6.0-evoked decrease in viability using the CTB assay under these specialized conditions is still dependent on ASIC1a (i.e. PcTx1-mediated inhibition). Ca*^*2+*^ *imaging experiments are needed to establish that the low pH-induced cell death is not dependent on increases in \[Ca*^*2+*^*\]*~*i*~*. Finally, Ca*^*2+*^*-free medium also induces neuronal depolarization, which could complicate the interpretation of the data in* [*Figure 3E*](#fig3){ref-type="fig"}*.*

We have performed the suggested experiments. In the absence of Ca^2+^, we found acid-induced neuronal death was significantly inhibited by PcTX1 and 7-Cl-O-Nec-1 (Nec-1s, please see new [Figure 3--figure supplement 2B](#fig3s2){ref-type="fig"}), suggesting the involvement of the same ASIC1a- and RIP1-dependent death mechanism as in the normal Ca^2+^-containing solution. Furthermore, we observed that both HIF-ASIC1a, a non-conducting mutant, and ASIC1b, a Ca^2+^-impermeable variant, mediated acid-induced cell death (please see new [Figure 3H](#fig3){ref-type="fig"}, [Figure 3--figure supplement 6A and C](#fig3s6){ref-type="fig"}). These results also support that Ca^2+^ influx is not essential for ASIC1a-mediated cell death. Furthermore, we have measured intracellular Ca^2+^ changes in CHO cells expressing ASIC1a and found that the pH 6.0 solution elicited no detectable intracellular Ca^2+^ rise (please see new [Figure 3--figure supplement 2A1 and A2](#fig3s2){ref-type="fig"}). We agree with the reviewers that the Ca^2+^-free medium could induce neuronal depolarization, which complicates the data interpretation. That is why the rescue by PcTX1 and Nec-1 becomes important and the results on cell death mediated by HIF-ASIC1a and ASIC1b should also be taken into consideration to support the overall conclusion.

5\) Removal of sodium, potassium, and calcium has not removed all the permeant ions. ASIC1a is also permeant to protons (Waldmann et al. Nature 386, 1997; Chen and Grunder, J. Physiology 579, 2007). Given this fact, it is difficult to see how ion conduction can be completely ruled out.

The proton-permeability of ASIC1a was demonstrated using the *Xenopus* oocyte expression system (Waldmann et al., 1997; Chen and Grunder, 2007). We have tried hard to measure proton currents mediated by ASIC1a in mammalian cells. However, in neither primary cultures of mouse cortical neurons nor CHO cells transfected with ASIC1a could we detect any proton-current (please see new [Figure 3E, F and G](#fig3){ref-type="fig"}.). Based on the results of Chen and Grunder ([Chen and Grunder, 2007]{.ul}), the fractional proton current of ASIC1a could be as high as 1-5% of the total current induced by acid (pH 6.0). In CHO cells, if the proton current existed, it would reach ∼100 -- 500 pA (assuming a maximal acid-induced current of ∼10 nA) in the NMDG external solution, which would be easily detectable. However, we did not detect such currents, suggesting that most likely, ASIC1a channels do not conduct significant proton current in mammalian cells. Therefore, it is uncertain whether the proton permeability of ASIC1a is a universal phenomenon.

*6) The authors measure acidosis-induced neuronal death in stable CHO cell lines (*[*Figure 2G, H*](#fig2){ref-type="fig"}*) and interchange these data with those obtained in neurons. The methodology for the viability in CHO cells is unclear and interpretations difficult to solidify. Use of such methodology requires that the percentage of cells expressing ASIC1a be equivalent between groups. Further, CHO cells are actively dividing and acidosis-induced neuronal death is measured 24 hours after exposure to pH 6.0. Use of the CTB viability assay measures the number of viable cells. Thus, any difference could be due to pH 6.0-evoked changes in cell death or a cell division. Controls should be presented that acid-mediated death utilizes equivalent mechanisms in neurons and CHO cells (i.e. RIP1 dependent, PcTx1 susceptible, etc). Alternatively, these experiments could be done in transfected neurons.*

We have repeated the key experiments using ASIC1a knockout neurons transfected with WT and mutant ASIC1a (please see new [Figure 3H](#fig3){ref-type="fig"}). The results support the conclusion made from studying transfected CHO cells. In addition, we also examined acid-induced RIP1-ASIC1a association in transfected CHO cells. As in neurons, acid treatment recruited RIP1 to ASIC1a in CHO cells that expressed ASIC1a (please see new [Figure 3--figure supplement 6B](#fig3s6){ref-type="fig"}).

*7) The most compelling data to support the idea that ASICs mediate neuronal death independent of ion conduction comes from the use of HIF-ASIC1a in CHO cells. The authors state that "while both were expressed normally on the plasma membrane (*[*Figure 3--figure supplement 2B*](#fig3s2){ref-type="fig"}*), HIF-ASIC1a (32HIF34 mutated to 32AAA34) was non-conducting due to pore dysfunction (*[@bib29]*)." Yet,* [@bib29] *did not study this mutant and HIF-ASIC1a has not been previously characterized or linked to the pore. Pfister et al. did study these residues, but felt that their data "did not allow them to conclude" that they impact the pore or channel gating (see discussion of* [@bib29]*). In fact, recent data with ENAC (Kucher et al., Biophys J 100(8) 1930--1939, 2011) suggest that channels with mutations in these residues might, in fact, be conductive in a voltage dependent manner and only appear non-functional in traditional voltage-clamp conditions. It is also unclear whether the HIF1 mutation alters proton permeation or whether HIF-ASIC1a localized to mitochondria.*

We have examined the response to acid stimulation of CHO cells expressing HIF-ASIC1a held under a broad range of voltages and found no detectable acid-evoked change in currents at any voltage (please see new [Figure 3G](#fig3){ref-type="fig"}). As a comparison, the WT channel responded to acid stimulation under all voltages. As for the proton permeability of HIF-ASIC1a, since we detected no acid-induced current, it is unlikely that this mutant permeated any ion at all. In terms of mitochondrion-localized HIF-ASIC1a, as we explained earlier (please see our response to major comment \#2 above), mtASIC1a does not directly contribute to the acid-induced cell death.

*8) The authors find that co-administration of amiloride (unknown concentration) with pH 6.0 eliminates acid-gated currents, but does not affect acidosis-induced changes in cell viability (*[*Figure 3--figure supplement 1C*](#fig3s1){ref-type="fig"}*). This seems in direct opposition to the results of Xiong et al., Cell 2004, (*[*Figure 4D; 5C*](#fig4 fig5){ref-type="fig"}*). Similarly, the current manuscript suggested that pretreatment with amiloride for 1 hour did prevent acid-dependent changes in cell viability. Xiong et al., previously reported that incubating neurons for 10 min prior and during acidosis with amiloride prevented toxicity and amiloride incubation for extended periods of time is toxic (Xiong et al., Cell 2004). Additional information on the methodology as well as some inclusion of a discussion of the difference in these results should be provided.*

We have provided schematic diagrams for these experiments in new [Figure 3--figure supplement 3B](#fig3s3){ref-type="fig"}. As the reviewers pointed out, Xiong et al. ([@bib50]) included 10 min preincubation with amiloride to show a partial rescue effect on acid-induced neuronal death. This was not different from our observation that pretreatment with the drug was needed for neuroprotection. Since the previous study did not comment on the effect of co-application of amiloride with acid ([@bib50]), our results cannot be considered to be in conflict with the previous one. Also, the previous study specifically indicated that 1-hr treatment with amiloride alone "did not affect baseline LDH release" and the toxic effect of the drug only appeared after up to 5 hr of incubation ([@bib50]). In our hands, treatment with amiloride at pH 7.4 for 1 hr caused merely about 5% neuronal death. Therefore, our results on amiloride effects are quite consistent with that shown by Xiong et al. ([@bib50]).

9\) PcTx1 inhibits ASIC currents by pushing the channel into the steady state desensitized state. If steady state desensitization is still toxic, then PcTx1 must be attenuating acid induced neuronal death by preventing the "non-conductive" conformational transition which activates RIP1-mediated death in manner similar to that suggested for 1 hour amiloride. This should be addressed within the Discussion.

We agree with the reviewers on this. Most likely, PcTX1 binding, in addition to shifting steady-state desensitization, also prevented the conformational transition required for RIP1 activation by ASIC1a. This point has been incorporated in the Discussion (third paragraph).

10\) The authors show that the CP1 region of the C-terminus is toxic to neurons in a manner that is independent of acidic pH and partially reversed by Nec-1. Given the non-specificity of Nec-1 and the basic nature of the included ASIC1-C-terminal fragment, it is important to further explore this toxicity. Is the effect dependent on RIP1 or ASIC1a? The importance of the TAT peptide should also be assessed as a control.

CP1 peptide caused cell death and phosphorylation of RIP1 in cultured mouse cortical neurons (please see new [Figure 4B and C](#fig4){ref-type="fig"}). The neuronal death and RIP1 phosphorylation induced by CP1 peptide can be partially rescued by Nec-1 (please see new [Figure 4D and E](#fig4){ref-type="fig"}). Therefore, the toxicity of CP1 depends on RIP1, at least partially. We also observed that CP1 peptide led to death of CHO cells (please see new [Figure 4--figure supplement 1C](#fig4s1){ref-type="fig"}), which do not endogenously express ASIC1a, suggesting that CP1 toxicity is independent of ASIC1a. Importantly, under the same conditions, neither the TAT peptide (as a negative control) nor the CP2, CP3, or CP4 peptide induced cell death (please see new [Figure 4B](#fig4){ref-type="fig"}), supporting the specificity of the CP1 peptide.

*11) The most direct evidence supporting the idea that the low-pH induced ASIC-dependent neuron death does not require the channel\'s ionic conduction is from* [*Figure 3H*](#fig3){ref-type="fig"} *where the authors show that a non-conducting ASIC (HIF-ASIC1a) is as efficient as the wild-type in mediating pH6.0-induced cell death. However, this experiment was done in CHO fibroblast cells. The cell death is only ∼ 30% (∼20% higher than in the "blank" control), way below the ∼80% observed in neurons (*[*Figure 1C*](#fig1){ref-type="fig"}*). At minimum, the authors should test the two constructs in the ASIC knockout neurons and test whether they have similar ability in restoring the pH-induced cell death.*

These experiments have been done using *Asic1*^*-/-*^ neurons and results support that HIF-ASIC1a mediates acidic neuronal death equivalently as the WT channel (please see new [Figure 3H](#fig3){ref-type="fig"}, [Figure 3--figure supplement 5](#fig3s5){ref-type="fig"}).

12\) The authors rely heavily on pharmacology. There is a general lack of discussion of why drugs were used at certain concentrations and applied for particular durations; how specific they are at those concentrations; and why the situation is thought to be the same between the various cells/tissues studied.

In addition to pharmacology, we used ASIC1a knockout mice, shRNA to knock down RIP1 expression, different ASIC constructs and channel mutations to demonstrate the conductance-independent, acid-induced ASIC1a- and RIP1-dependent acidotoxicity. We chose the drugs and concentrations carefully based on the literature. Adding justification for the choice of drugs and concentrations for each drug used in the paper is uncommon which may distract readers from the main thrust of the story.

13\) Along the similar lines, the authors use the caspase inhibitor, zVAD-fmk, as a major part of their argument that cells are dying by necroptosis and not apoptosis. It would be useful to have a positive control for this agent (e.g., by showing that it blocks the effect of staurosporine).

We have used the staurosporine-induced neuronal apoptosis as a positive control and shown that zVAD-fmk effectively blocked the apoptotic neuronal death (please see new [Figure 1--figure supplement 1F](#fig1s1){ref-type="fig"}). We also observed that z-VAD-fmk significantly blocked Geldanamycin (GA)-induced apoptotic neuronal death (please see new [Figure 1--figure supplement 2D](#fig1s2){ref-type="fig"}).

*14) What pH is induced in the brain during MCAO? The authors should estimate this value and, if it is very different from 6.0 (the value tested in in vitro experiments), they should present additional evidence that the mechanism they worked out* in vitro *is operative* in vivo*.*

Various studies in the literature have documented the drop of pH in ischemic brain. During ischemia, the oxygen depletion leads to anaerobic glycolysis. Protons are accumulated due to the over-production of lactic acid and ATP hydrolysis, which cause pH value to fall to 6.5-6.0 in the ischemic brain (Siesjo et al., 1996; [@bib50]). We have now stated pH range found in the ischemic brain (please see subsection "RIP1 is recruited to ASIC1a and phosphorylated in ischemic brain").

15\) There is insufficient demonstration of the necroptotic phenotype at the level of morphology. The authors provide EM images of cells but these are few and not quantified.

We have now included quantification of EM images in the figure legend of [Figure 1](#fig1){ref-type="fig"}.
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\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

The reviewers acknowledge the strength of the ionic substitution (NMDG) and pore mutant experiments at making a role for Ca influx through ASICs appear highly unlikely for necroptosis. Nevertheless, they note that the novelty of complete Ca--independence is substantial and also deviates from previous work from your group, and therefore requires evidence not only that increased Ca levels are unnecessary for necroptosis but also that Ca levels do not actually increase (e.g., through another mechanism; if the mechanism is distinct, of course the case can still be made that Ca may not enter through the ASIC pore). Reviewer 1 suggests an imaging experiment in neurons (rather than just CHO cells); Reviewer 2, with the same underlying concerns, requests a discussion of possible bases for the difference between this and previous work.

Reviewer \#1 (General assessment and major comments):

The authors have responded to the previous reviews with additional experiments and the manuscript has been strengthened. It will be an important manuscript for the field. The one significant omission that remains is calcium imaging in neurons. The authors should report ASIC1a-dependent calcium signal in neurons treated with Nec-1 and in neurons transfected with the different ASIC1a constructs used in the death assays. The authors now show that acid-induced calcium signaling is absent in transfected CHO cells (this has been previously reported by Samways et al., as stated by the authors) and that acid-induced cell death occurs in the absence of extracellular calcium in neurons. Yet, as the authors eloquently discuss, calcium permeability and acid-induced calcium fluctuations have been the focus of the field for years. The irrelevance of calcium is such a significant reversal of previous data published by the authors as well as almost all reviews of ASIC1a-dependent processes. This assertion should be backed by all commonly available methodologies. As the authors have previously reported imaging of ASIC1a-induced calcium signals in neurons (Gao et al., Neuron, 2005), these measures of calcium are conspicuously absent. Given the importance of these results for the field, they should also be included.

We thank the reviewer for bringing up this important point. Following your suggestion, we have examined acid-induced Ca^2+^ response in cultured neurons from WT and ASIC1a-KO mice. As shown in the new [Figure 3--figure supplement 2](#fig3s2){ref-type="fig"} and consistent with the previous work ([@bib50]; [@bib16]), application of the pH 6.0 solution to WT neurons elicited a robust transient increase in the Fura-2 ratio, indicative of acid-induced elevation in intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~). Inclusion of a cocktail of blockers for ionotropic glutamate receptors and voltage-gated Na^+^ and Ca^2+^channels suppressed the acid-evoked response by about 50% and the remaining response was largely inhibited by PcTX1 (50 nM). Together with the lack of acid-evoked changes in Fura-2 ratio in ASIC1a-KO neurons under the same conditions, these results indicate that the native ASIC1a channels in mouse neurons mediate Ca^2+^ influx and the acid-evoked Ca^2+^ signals are further amplified through other channels, such as voltage-gated Ca^2+^ channels and glutamate receptors. We further demonstrated that transient transfection of WT or RC-ASIC1a, but not HIF-ASIC1a, restored acid-evoked Ca^2+^ signals in ASIC1a-KO neurons, consistent with the electrophysiological measurement of acid-induced currents in CHO cells for these constructs for their "channel functionality".

Intriguingly, the Ca^2+^ response required fast focal perfusion (∼50 µl/min) of the acidic solution to the neurons. This perhaps is not too surprising because it has long been recognized that fast solution exchange is necessary in order to elicit the transient proton-evoked ASIC currents typically seen in the literatures. If the acidic solution was applied slowly, especially with whole chamber solution exchange, the currents either failed to develop or became shallow and small. This is entirely consistent with the rapid desensitization property of these channels as only when the majority of channels in the entire cell open simultaneously can robust currents develop. We reasoned that for acid-induced cell demise, neither the solution exchange in the experimental setting nor the manifestation of tissue acidosis needed to occur fast or in a synchronous fashion throughout the entire cells. Therefore, the strict conditions required to elicit acid-evoked whole-cell currents and the consequent \[Ca^2+^\]~i~ rise are not exactly compatible with that of acid-induced death. Indeed, when the pH 6.0 solution was applied at a slower rate (∼15 µl/min) to neurons, the \[Ca^2+^\]~i~ rise became very shallow or nearly undetectable (new [Figure 3--figure supplement 2B5 and 2B6](#fig3s2){ref-type="fig"}).Therefore, although WT ASIC1a channels indeed mediate Ca^2+^ influx in neurons, the Ca^2+^ signals arising from these channels are likely to be very small in response to the development of tissue acidosis. Given that the non-conducting HIF-ASIC1a mutant mediated acid-induced death without generating any Ca^2+^ signal in neurons even with the fast solution exchange (new [Figure 3--figure supplement 2B3](#fig3s2){ref-type="fig"}), we argue that the Ca^2+^ signals, no matter big or small, are not needed for the acid-induced neuronal death. We have now included these new data and revised the manuscript accordingly.

Reviewer \#2 (Minor comments):

*One thing that still puzzles me, and perhaps other readers, is the nearly total lack of Ca*^*2+*^ *influx-dependence of low pH-induced cell death as observed in this paper; yet the* [@bib50] *paper demonstrated clear Ca*^*2+*^*-dependence. The experimental conditions in the two studies appear to be similar. The authors did not address this apparent discrepancy as asked by the reviewers. They should at least include some discussion to address this.*

We now add new data showing that the pH 6.0 solution indeed evoked \[Ca^2+^\]~i~ rise in WT, but not ASIC1a-KO neurons (new [Figure 3--figure supplement 2](#fig3s2){ref-type="fig"}). We show that transient expression of WT and RC-ASIC1a, but not HIF-ASIC1a restored the Ca^2+^ response. However, as explained in our response to Reviewer 1, the Ca^2+^ response, just like the typical transiently lasting acid-induced currents, only occurred with the fast application of the acidic solution. At a slower perfusion rate, the Ca^2+^ response became very small or negligible. For cell death experiments, we washed the cells twice with the acidic solution in order to ensure a complete solution exchange in the dish (or well). Therefore, the rate of acid application was slow. We believe that tissue acidosis also occur slowly in the ischemic/reperfused brain. Therefore, the conditions required to observe robust acid-induced ASIC currents and the consequent \[Ca^2+^\]~i~ rise are not compatible with that for acid to induce neuronal death. The previous conclusion ion channel conductance and Ca^2+^ dependence of ASIC1a-mediated cell death were pretty much based on correlative data, which do not unequivocally prove the involvement of channel function per se in the induction of neuronal death. With respect to the 2004 paper ([@bib50]), the "Ca^2+^-free" solution used actually contained 0.2 mM Ca^2+^, which could cause other complications that comprised the necroptotic death. We have now included this point in the Discussion of the revised manuscript.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

The new experiments on the response of neurons to changes in pH raise the interesting possibility that the rate of solution application is the variable that accounts for the differences between the present and previous work. However, as pointed out by the reviewer, the information given in the manuscript suggests that the pH change in the slow-flow condition was so slow that it raises the concern that the cells were never exposed to the solution at all, which would explain the lack of Ca signal detected. The editors recognize that this perception may be a misunderstanding, owing to an incomplete description of the Y-tube apparatus and/or how it was verified that the solution reached the cell. If so, please edit the manuscript to make the methods clearer, so that this concern can be alleviated. If, however, no verification was done, it may be necessary either to provide alternative evidence to justify the claim that flow rate is the key variable determining the Ca signals, or to remove that conclusion and relegate the hypothesis of flow rate to the Discussion.

Reviewer \#2:

*The authors addressed the concern of the reviewers by imaging low pH-induced Ca*^*2+*^ *changes in cortical neurons. They conclude that low pH perfusion leads to Ca*^*2+*^ *influx only when at high perfusion speed (50 µl/min) but not at low speed (15 µl/min). The authors further imply that the low speed, which induces no detectable Ca*^*2+*^ *increase, may be closer to the pathophysiological conditions. While I was generally satisfied with the previous version and did not specifically ask for additional measurements, I found the data added in this revision is totally unconvincing. The perfusion was done with focal perfusion using a Y-tube (opening size not specified) placed ∼ 500 µm away from the neuron. The concentration of the perfusion solution (i.e. the pH change) a neuron experiences is determined by the opening and the shape of the tube, and the angle at which the tube is aligned against the neuron. A simple explanation for the lack of Ca*^*2+*^ *change during slow perfusion could be that the neuron never experienced a significant pH change, and this had little to do with the speed of the pH change. After all, a15 µl/min perfusion against a dish (1 ml volume?) is very slow and there might be a large pH gradient between the tube opening and the cell body (even for a 500 µm distance). It\'s not clear to me why the authors did not use whole-dish perfusion (as done for the CHO cells) where the time it takes to change the whole bath can be more accurately measured/estimated. In summary, it appears to me that the conclusion that Ca*^*2+*^ *change is speed-dependent is meaningless, unless both the degree and the speed of pH change of bath surrounding the neuron are known.*

We appreciate the important point raised by the reviewer. Following the editor's suggestion, we have provided more detailed description of the Y-tube apparatus (see subsection "Electrophysiological recordings") and performed a validation experiment comparing currents of a non-desensitizing (or very slowly desensitizing) proton-gated channel, TRPV1, evoked by low pH at fast and slow perfusion rates. We show that in whole-cell recordings the proton-activated TRPV1 currents (either by pH 6.0 or pH 5.0) were not affected by the perfusion rate whereas the development of ASIC1a current (by pH 6.0) was severely hampered by the slow perfusion rate ([Figure 3--figure supplement 3](#fig3s3){ref-type="fig"}). These results demonstrate that in our system, the cells under study were in fact exposed equally to the acidic solution with both fast- and slow-flow rates and the differences observed between the fast and slow perfusion for Ca^2+^ and current responses of ASIC1a were due to the fast desensitization of this channel.

It is well-known that slow ligand application distorts the current of fast desensitizing ligand-gated channels, such as AMPA receptors. Although ASICs do not desensitize as fast as the AMPA receptors, we still routinely observe a delay and a strong suppression of the acid-induced ASIC current in whole chamber perfusion as well as focal perfusion at relatively slow flow rates. Therefore, just like the AMPA receptors, the proton-evoked ASIC currents can only be reliably recorded if the low pH solution was applied quickly to the cell. The Y-tube apparatus has allowed us to achieve this goal in imaging and electrophysiological assays in the past 20 years. The open end of the Y-tube has an inner diameter of ∼100 μm ([Author response image 1](#fig6){ref-type="fig"}). Therefore, even though the values for flow rates (15 µl/min and 50 µl/min, adjusted by changing the height of the solution reservoir) appear to be small as compared to those typically reported for whole-chamber perfusion in the literatures, the distances and areas covered by the perfused solution can be quite far (∼30 mm/sec if the solution maintains a perfect cylindrical shape or at least 2 mm in diameter after 20 sec of continued perfusion if the solution merely dribbles out from the apparatus). Even with the most conserved estimate, if the 5 μl acid solution resulting from 20 sec application at the rate of 15 µl/min forms a perfect sphere, it would still occupy a space with a radius of 1080 μm ([Author response image 1](#fig6){ref-type="fig"}, based on the formula (4/3)$\pi$ r^3^), which is approximately 2 mm in diameter. This distance should be sufficient to cover the cells situated about 500 μm (0.5 mm) away from the tip of the Y-tube ([Author response image 1](#fig6){ref-type="fig"}). In reality, the perfused solution most likely forms a cone-shaped stream rather than a sphere and the areas it covers are likely much bigger than the above estimate. Therefore, a 500 μm distance from the tip of the Y-tube is both sufficient for the solution to reach to the cell and ideal for avoiding any flush-induced cell shape distortion.10.7554/eLife.05682.022Author response image 1.The most conserved estimate of space occupied by the 20s-administration of a perfusion solution with Y-tube at the flow rate of 15 µl/min. The solution coming out from the Y-tube was assumed to form a perfect sphere, which represents a large underestimate of the area it would cover at the bottom of the dish.**DOI:** [http://dx.doi.org/10.7554/eLife.05682.022](10.7554/eLife.05682.022)

[^1]: These authors contributed equally to this work.
